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ABSTRACT
Most of the solutions developed for the prediction of a tunnel behavior refer to short-
term conditions. However, when an excavation is performed in a saturated medium, the
behavior of the surrounding ground is time dependent. Any change in the stress field
requires a certain amount of time for the consolidation to take place.
In this thesis, a finite element analysis method is used to determine the ground liner
interaction incorporating the effect of consolidation and the three-dimensional behavior
near the face of a circular tunnel excavation. The analysis is based on the assumption of
a linear elastic ground. Two-dimensional and three-dimensional models are used for the
simulation of the construction (excavation and support) process.
Initially, an axisymmetric model is used for the simulation of a staged excavation of a
tunnel. The behavior of the liner is examined in both dry and wet conditions to
determine the effect of consolidation on the development of stresses and displacements.
An increase in the liner stresses is observed when the consolidation is taken into
account.
In the second part a 2d and a 3d model are used to examine the effect of the initial
stress field on the tunnel behavior. When two principal stresses are equal, the stresses in
the ground are greater with the axisymmetric model than with the 3d one. When the
initial stress field is uniform in all three principal directions, the stresses in the ground
are greater when the 3d model is used. Thus, when the axisymmetric model is used, the
stresses around the tunnel are underestimated for a uniform stress field and
overestimated when two principal stresses are equal.
In the last part, two 2d models namely an axisymmetric and a plane strain model are
combined to take into account both the effect of the distance from the face at which the
liner is placed and the effect of consolidation. For a permeability of K=10-7 m/sec, the
tangential stress in the liner, at the springline of the tunnel is increased by 10%
compared to that in dry conditions. A decrease in the permeability to K=10-9 m/sec,
results in an increase of tangential stress by almost 100%.
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Notation
Chapter 2
r: tunnel radius
A-F: constants
y: unit weight of soil
Er: radial strain
Ee: circumferential strain
Ee1: circumferential strain due to the radial displacement
E2: circumferential strain due to the radial displacement
0: angular coordinate
v: Poisson's ratio
r: radial coordinate
ov: vertical normal stress
oh: horizontal normal stress
or: radial normal stress
ae: circumferential normal stress
Tre: shearing stress
u: radial displacement
u: circumferential displacement
Chapter 3
err,eOO: radial c: coefficient of consolidation
and circumferential strains
e,: volume strain
E,: Fourier coefficient of volume strain
G: elastic shear modulus
KO: coefficient of earth pressure at rest
po: in situ pore water pressure
p: excess pore pressure
ro: radius of tunnel
11
s: Laplace transform variable
t: time since tunnel cutting
ur,uo: radial and circumferential displacements
Ur,Ue: Fourier Coefficients of displacement
Srr, See, Sre: Fourier Coefficients of stress
yw: unit weight of water
0: circumferential coordinate
k: Lame constant for soil skeleton
v: Poisson's ratio for soil skeleton
Urr, GeO, aro: stress components
0: deformation function
<D: Fourier Coefficient of $
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Chapter 1
Introduction
In tunnel engineering, the behavior of the ground mass is a major
consideration during the design phase. The mechanical behavior of a tunnel
during excavation is affected by several parameters, which control the
interaction between the ground and the support that is installed. Such
parameters are the tunnel geometry, the subsurface conditions, and the stages
in which the excavation is performed. An accurate estimation of these
parameters and a comprehensive description of the tunnel behavior are
necessary for a successful design.
The excavation and the subsequent placement of the different means of
support generate a new state of equilibrium mobilizing the strength of the
surrounding ground. Depending on the prevailing conditions around the tunnel,
this change may occur during the construction phase or may continue for a
period of time.
Usually during the excavation through saturated ground, a lining is placed
at the tunnel periphery to control the deformations that occur. This lining does
not only provide support against ground deformations but also keeps the water
out of the excavated area.
A significant number of analytical and empirical solutions have been
developed for the analysis of ground liner interaction. These solutions make
approximations and can predict the ground behavior with very few input
parameters. In these earlier investigations the ground was considered to be a
single-phase material, so the solutions developed were referring to short-term
conditions and not long term. When the excavation of the tunnel is performed in
a saturated medium, the behavior of the surrounding ground will be time
dependent. Since the movement of water throughout the ground mass is not
13
instantaneous, any change in the stress field will require a certain time to have
an effect on displacements and liner stresses.
Analytical solutions model the behavior of an infinitely long cylindrical tunnel
but they are not capable of representing the real conditions during the
excavation. The excavation stages and the stress field close to the face of the
excavation are two major issues that have to be taken into consideration. Since
the interaction of the tunnel and the surrounding ground is a three-dimensional
problem, especially close to the face of excavation, a more complex method
must be used.
The purpose of this thesis is to examine the effect of ground consolidation
on ground liner interaction. A finite element analysis is performed using Abaqus
(Abaqus Standard, V5.7). Different scenarios of tunnel excavation are
examined. A comparison of two-dimensional and three-dimensional finite
element models is also performed, to show the importance of the three-
dimensional character of tunnel excavation and how it affects the results.
1.1 Thesis Outline
Chapter 2 describes a solution from the theory of elasticity, for the calculation of
the stresses and displacements around a circular opening. A short reference is
also made to the effect of the change of the stress field on the strength of the
surrounding ground and the plastic deformations that might occur.
In Chapter 3 the basic assumptions of consolidation theory are described. The
theories of Terzaghi and Biot are extended for the application of consolidation
theory around a circular tunnel (Carter & Booker, 1982). A method of analysis is
presented for the consolidation of linear elastic ground due to the excavation of
a deep lying circular tunnel.
Chapter 4 is a short introduction to the numerical methods for solving
engineering problems. The finite element method is described with reference to
the creation of two-dimensional and three-dimensional models.
14
Chapter 5 describes in more detail the application of the finite element method
in tunnel engineering. Basic difficulties during modeling are also mentioned.
The two types of models, the 2d and the 3d model, that are going to be used in
later chapters are compared. The limitations of the 2d model to simulate the
three dimensional character of a tunnel excavation, as well as the advantages
of the 3d models are also described.
In the following chapters, the excavation of a deep circular tunnel is simulated.
Specifically, in Chapter 6, an axisymmetric model is used for the simulation of
the staged excavation of an underground opening. The results from the
excavation in dry and wet conditions are compared to show the effect of
consolidation on the distribution of the stresses and displacements in the tunnel
liner. In the same analysis different excavation scenarios are examined.
In Chapter 7 the excavation is simulated with a three-dimensional model. The
excavation of the tunnel is performed in dry ground. The results from this
analysis are compared with those obtained from a 2d axisymmetric model. The
purpose in this chapter is mainly to examine the limitations of the 2d model
compared to the 3d one, such as the inability to simulate a non-uniform initial
stress field.
Chapter 8 examines the combination of two separate 2d models, an
axisymmetric and a plane strain model, for the simulation of tunnel excavation.
The purpose of this analysis is to use simple 2d models, to take into account
the effect of the distance from the face of the excavation at which the liner is
placed and the effect of consolidation on the liner. A comparison of the results
of this analysis with those obtained from the more complex 3d model can show
if a 3d model can be replicated to some extent by a combination of 2d models
with an acceptable accuracy.
15
Chapter 2
Elastic Stresses around a Tunnel
2.1 Introduction
The ground where a tunnel is to be excavated can be considered either as
a continuum or a discontinuum. Average values of physical properties of the
material (stress, density, etc) can be used in physical models in order to define
the mechanical behavior of the material.
When the ground is approximated by a continuum, there is an opportunity
for the investigation of the tunnel behavior with theories of continuum
mechanics. Hence elastic analysis methods with a short reference to elasto-
plastic effects will be discussed in this chapter.
2.2 Elastic Analysis of a Circular Opening
One of the aspects of great concern during the design of tunnels embedded
in soil is the tunnel stability and its behavior during and after excavation. The
basis of the analysis is the understanding of distribution and development of
stresses and displacements induced around the tunnel. Theory of elasticity is
widely used to define the stress field around an excavation.
Although in most cases the ground where a tunnel is excavated is not truly
elastic and the tunnel's cross section is not always circular, the simplicity of
elastic solutions can offer a preliminary insight into the significance of various
parameters (Muir-Wood 1975, Curtis 1976).
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2.2.1 In-situ Stresses and Strains
Let us consider a deep tunnel'. Prior to the excavation of the tunnel and
before the removal of the ground the stress field can be represented by the total
stresses av and aH in the vertical and horizontal axes respectively. The relation
between the horizontal and the vertical normal stress is the following:
0 H Ko - y1
G h=KoOyv
T iTT T T I T T
The in situ stresses in polar coordinates, before
are given by the following equations:
Cyr = ((TV +(aH) GV2 2
(T = ((TV + YH )+V22 2
-OH)sin 20
- (TH )cos 20
GH )cos 20
the excavation of an opening,
(3)
(4)
(5)
1 A tunnel is regarded deep when the free
distribution around the excavation. This depth
compared to the tunnel radius.
surface does not significantly affect the stress
is large, usually several tunnel diameters, when
17
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Tre = v 22
a,
I, 4, 4, 4,
Vertical
Figure 2.1
I,
U
U
I, 4,
Cr
Tre
Horizontal
Coordinate System
To solve the elastic problem of a circular hole, we assume the following Airy
stress function (Timoshenko and Goodier, 1970) (5)
(6)O=A- logr+Br2+{Cr 2+Dr2+Er 2+F}cos2E)
where A, B,..,F are constants
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The stress components can be obtained from the following equations in
terms of an Airy stress function 0:
r + =+2B+{2C-6Er- - 4Fr2 cos2O (7)
r r r2 0 2  r2
(T = = - + 2B+ 2C+12Dr2 + 6Er-4 os 2 (8)
1 = P = ( 2C+Dr 2 - 6Er-4 - 2Fr-2sin20 (9)1 rO r2  3o r araO
The constants A, B,..,F can be evaluated considering the stress conditions
for r=a and for r=oo:
1 1
(Grry = (GvY + -H v - )cos 2 (10)2 2
(TO-I ((V yH)sin 20 (11)
2
(Gr )r- = (re )r- = 0 (12)
Using the last equations, the constants A, B....,F can be calculated.
The substitution of the constants in the equations (7), (8) and (9) give the
equations for the stress components in an infinite plate of a circular hole, with
an applied stress av and GH (Obert and Duvall, 1967).
19
+ aH{ j H GV 1+ 3 Co4 l a2
1 3C4 +2a2
re= ((H ~(V f 4 22r r
The last equations give the state of stress around a circular opening at any
point, referring to polar coordinates, where the stresses av and ah are applied
after the tunnel has been excavated.
2.2.2 Plane Strain Equations
If we consider a point in the medium at distance r, with a displacement u at
the radial direction and displacement u in the tangential direction, then the
strain relations can be determined by the following equations:
y
dr
(a) Wb
Figure 2.2 Strain Components in polar coordinates (Obert & Duvall)
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V2
(13)
(14)
(15)
0
Ir = ((YV + (TH Oc2 +I(TH - V 1+ 3X -4 -- cos 20
2 r 2 2 r 4 r-2
a'b'-ab u+ dr-u
Er = = - E =
ab dr a3r
where,
u: radial displacement
r: radial coordinates
Er: radial strain
(16)
In a similar way, the tangential strain can be defined by the radial and the
tangential displacements:
(r +u)d - rde _ u
rde r
au
u+ 
-de-u 1 au
*2 rde r aO
(17)
(18)
With substitution of (15) and (16) in (14):
u
E6 =Eei + Ee2  +
r
1 au
r Ae
(19)
where,
E91: tangential strain due to the radial displacement
Ee2: tangential strain due to the tangential displacement
Under the assumption of plane strain, the stress in the longitudinal direction is:
(20)av=v(Cfr+ae)
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The stress-strain relations for plane strain conditions are:
(1-V) 2Cr -V(1+V) ae ->
(1 -v)2ae-v(1 +V)Gr ->
ar
S1 (1 - v 2 )aE
U 1 u
r r A
- V(1 + V)ae )]
1 E v 2 )G 
_ V(1 + v)GrE
Under plane strain conditions, the radial and tangential displacements around a
circular opening, can be calculated with integration of the last equations.
The equations for the radial and the tangential displacements are the following:
1-v 2
u=
E
Er a
2
v(1+v)
E
1-v 2
u V
E E
rr+
a2
r
a +G
2
a h -0
2
r
Gh - G
+ 2
2
a2
r
Cyah -oC
+ 2
2a2  a4
+-+ si
r r3
a4 4a2
r"3 r
a4
r 3
cos29j-
cos 20I (23)
n20j-
ah -av
2 r
- + sin29
r r 3)
At the tunnel perimeter, the displacements are:
1 -V 2 F
u= 1 va(av + aE
u= - v2 [-2a(ah - a
E
)+ 2a(ah - a
)sin20]
22
Er=1E
Ee E
(21)
(22)
v(1+ v) (24)
)cos 20] (25)
(26)
2.2.3 Stresses around a Tunnel in a pre-stressed Medium (Pender, 1980)
Using the previous equations we are able to calculate the stresses in polar
coordinates, at a point (equations (3), (4) and (5)), and around a tunnel that is
excavated before the stresses av and ch are applied at the medium. Although
this solution does not approach the real excavation sequence (since it refers to
a tunnel where the change in the stress medium occurs before its excavation), it
is shown with the following equations that the state of stress is the same when
the tunnel is excavated before or after the state of stress is changed.
When the tunnel is excavated, the radial and the shear stresses given by
the equations (3) and (5) are relieved at the tunnel periphery. This change in
stress gradually diminishes as the distance from the tunnel periphery is
increasing. This gradual change in the stresses, while moving away from the
tunnel is the reason for the generation of displacements around the excavation.
In equations (7), (8) and (9), the stress components were expressed in
terms of an Airy stress function @>. Considering this incremental change in
stress, the constants A,B,....F can be calculated from the following conditions.
When the distance from the center of the tunnel , r-> oo:
Aar =AO =Ar0 (27)
At the periphery of the tunnel:
A,= 1 (a + Gh aV-ah )cos20 (28)
2 2
ATre v - 29 )0 2
23
The incremental stresses are:
1 (C H V - cos20
r 2)
Aae = (aV
ATre H
1 (a H+ 
a H
+ H 2 3r j cos29
- V - 2a 2 sin20
The equations for the radial and the tangential displacements are the following:
ii+ L
1 -
2v
aY h -aG
2
) +
v) 4a 2
r
a cos20] (33)
(34)sin 29
When r=a the displacements are:
u = v a[(a + a2E h)+ -- 4va
u = (3 - 4v)a(a + a
2E h )sin 2E
24
Aar 2 V (30)
(31)
(32)
u v
u =
E
E B-
G v + a hj
Lah 0
)cos 20] (25)
(26)
- YV f
(1
2.3 Change of Stresses with Tunnel Advance
The initial stress field before the excavation of a circular tunnel is often
considered uniform when the tunnel is located at considerable depth. The
vertical stress around the opening is equal to the unit weight of the mass
multiplied by the depth of the tunnel. The horizontal stress can be defined
through the vertical stresses with the use of the coefficient of horizontal
stresses.
Observing the equations that define the stresses around an unlined tunnel,
there is a decrease of the radial stress or close to the tunnel periphery (zero
value at the boundary of the excavation), while the tangential stress GE reaches
a maximum value equal to 2cyv (when av=ah).
When moving away from the tunnel periphery, both the radial and the axial
stresses approach the initial stresses before the excavation of the tunnel. At
certain distance from the tunnel the stress field is not affected by the tunnel
excavation. Depending on the depth of the excavation and the properties of the
ground material, the combination of stresses can be such that the material will
deform beyond its elastic limit. This will gradually extend inward to the mass
leading to the creation of a plastic zone. In this zone permanent deformations
are created. At some distance the combination of stresses will not satisfy the
yield criterion. Beyond this point which defines the end of the plastic zone
around the tunnel, the material will be in an elastic state.
25
Chapter 3
Elastic Consolidation around a Tunnel
3.1 Introduction
In this chapter the theory of consolidation is described and how it applies in
practical problems such as the excavation of a tunnel. Consolidation of a
ground mass occurs when due to applied loads there is a change in the volume
of the ground while at the same time there is a fluid flow.
When the ground material is fully saturated (pores are completely filed with
liquid), it can be considered a two-phase system; A system with a solid phase
and a liquid phase. The liquid phase, often called pore phase, is considered
incompressible.
Part of the load is transmitted to the skeleton of the ground and part to the
pore fluid. With rapid loading the initial volume of the system does not change.
With time, the pore fluid will start to flow causing a change in the volume of the
ground. These deformations are time-dependent, and continue until equilibrium
is reached (dissipation of pore pressures).
When a tunnel is excavated in a fully saturated ground, the following two
types of time dependent behavior occur in the surrounding ground. The first is
due to the intrinsic rate dependent characteristics of the materials, such as the
creep deformation or stress relaxation. The second is caused by the movement
of the pore water due to pore water pressure dissipating into the surrounding
ground and also into the tunnel opening. The following pages are focused on
the second type of time dependent behavior of the surrounding ground, i.e.
consolidation
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3.2 Consolidation Theories
The theory was developed originally from Terzaghi (1925) for the one-
dimensional case, and extended to a more general theory for the three-
dimensional case by Biot (1941).
3.2.1 General Assumptions
The assumptions made for the three-dimensional consolidation refer both to
the behavior of the ground, as well as to the flow of the fluid through the pores
of the ground. The ground is considered a two-phase material. The following
assumptions are divided below into different categories as they were mentioned
by Terzaghi and Biot.
Load deformation behavior of the ground
(a) Stresses are transmitted to the ground by the effective stresses of the
ground skeleton and to the pore pressures of the fluid according to
Terzaghi's effective stress principle.
(b) The deformation of the ground occurs in small increments.
Nature of soil:
(c) The pores are completely filled with fluid
(d) Both the pore fluid and the ground particles are incompressible but the
ground skeleton itself is compressible
Material properties of both phases
(g) The relation between the fluid velocity and the pore pressure gradients
is linear (Darcy's law)
(h) Small strains and effective stresses are related linearly (elastic and
isotropic relation)
(i) The material properties can vary throughout the geometry of the
problem but cannot vary with time
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Boundary Conditions
(j) Flow is allowed in all three principal directions.
(k) Stresses and deformations vary in all three principal directions in the
ground.
Boundary conditions are specified with loads and displacements.
For the 1-D consolidation theory, Terzaghi used the assumptions (a), (b),
(c), (d), (f), (g) and (h). Assumptions (j) and (k) were applied to one dimension.
Material properties (g) and (h) cannot vary with depth and the specified
boundary conditions must remain constant with time.
3.2.2 Assumptions used in the Finite Element Analysis
The finite element method can solve problems such as the consolidation
theory of Biot. All the assumptions mentioned above are used in the finite
element approach. As a matter of fact the finite element approach allows one to
go beyond the above mentioned assumptions. Specifically, consolidation is
treated with small time increments. Each increment is considered as a new
condition where the results from the previous increment are used as an input.
This allows one to use inhomogeneous material properties that can change in
each increment, boundaries that change with time during the analysis, and
large strains that result from smaller strains of each increment.
3.3 Elastic Consolidation around a deep circular tunnel
(Carter & Booker, 1982)
When an opening is created in a saturated medium the displacements and the
stresses generated are time dependent. This is a result of the two phase nature
of the saturated ground.
Carter and Booker developed a closed form analysis for the consolidation due
to the excavation of a long and deep circular tunnel. The following equations
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are extracted from the a paper published by Booker and Carter (Elastic
consolidation around a deep circular tunnel, 1982).
Before the excavation of the tunnel, the initial stress field may be described by
the following equations. The total normal stress cv acts in the vertical direction
and the total normal stress GH acts in the horizontal direction:
aH =NaOv (1)
The effective stresses are given
by the equations:
UHKoOv
(2)
(3) Y
TiT TI T I
cyv=vertical effective stress
cH=horizontal effective stress
po=in situ pore water pressure
As was mentioned in Chapter 2, the in situ stresses in polar coordinates, before
the excavation of an opening, are given by the following equations:
1 1
S- (aV + H) -- (V -H)cos 20
2 2
1 1
aY =- (aV + GH (aV -aH)cos 20
2 2
1
Tre v GH)sil2
2
(4)
(5)
(6)
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H= Hy PO
CH= 0 H, + PO
where,
General Solution
Under conditions of plane strain, the equations
consolidation of an isotropic, elastic ground are:
arr 1 a* + a *rr - Gee
ar r 3O r
are
1 a** + 2 0,* = 0
r 30) r
orr-P = -ke-2Gef,
ee-p = -ke,-2GeOO
GrO = -Gyro
that describe the
(7)
(8)
(9)
(10)
(11)
where,
A= Lame constant for the ground skeleton
G= elastic shear modulus
err =
ur
e.e =
r
1 aue
r aG
Ye =E 1 aur aue
r aO ar
eu =err + e.,
V- 5-
Veu =- eu
c
ue
r
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(12)
(13)
(14)
(15)
(16)
For elastic ground:
c= k (A + 2G)= k 2 G - (1 2 v)YY (1-2v) (7
where,
c=coefficient of consolidation
k=coefficient of isotropic permeability
yW=unit weight of pore fluid
v=Poisson's ratio for ground skeleton
ur= radial displacement
ue=circumferential displacement
e, =Laplace transform of volume strain
If t is the time elapsed after the tunnel excavation, the Laplace tranform of the
volume strain is:
e f exp(-st)eu(t)dt (18)
0
The governing equations of consolidation may be written in the following form:
(A + 2G) a' (19)
ar r aE - r
1 e aw lap(A+2G)-- +G - (20)
r r a r r3E
Ve-u= eu (21)
c
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If the deformation function <p is used, then the latter equations may be written
as:
(22)p = Gp + (A + 2G)e,
r aE) ar
aw I1ap
ar r 3E
V2e- =-V u = eu
C
The solutions will have the form:
(23)
(24)
(25)
ur=Urcos(ne+E)
ue=Uecos(nO+E)
p=Pcos(n9+E)
arr=Srrcos(nO+E)
aee=Seecos(ne+E)
are=Sresin(ne+E)
eu=Eucos(nO+E)
w=Osin(nO+E)
(p=<Dcos(nO+E)
(26)
j
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With substitution to the equations (23), (24) and (25) the following equations are
formed:
n 0 (27)
r ar
n aoO=- (28)
r ar
"2 + 1 aE. n 2 s-E29a 2  + DE - n2  s=-E (29)Dr r ar r c
After solving equations (27), (28) and (29) for the transforms of displacement
coefficients Ur and U9, the general solution can be expressed in terms of six
independent solutions:
Ur
Ue A
P A2
2G A3Srr =[M] A (30)
2G
See AC
2G A6
S rG
2G,
where,
[M] is given in Appendix 1.
A1....A6 coefficients that can be found from the boundary
conditions of the problem
The coefficients Ur can be derived from the equations (30) with the application
of complex inversion theorem. For a general function f(t) the inversion is given
by:
f(t) =2Ti Jf(s)estds (31)
C
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Chapter 4
Application of Numerical Methods in Tunnel
Engineering
4.1 Introduction
The goal of this chapter is to introduce numerical methods for solving
engineering problems as an alternative solution to other computational methods
such as the analytical methods of solution.
Numerical methods represent a complex group of computational methods.
What makes them different from the other computational methods is their
capability to simulate actual and complex conditions. Their use allows one to
solve many practical problems, such as non-linear material behavior, variations
in material properties and other factors that different geologic conditions
impose.
The choice of a computational method depends on its capability to satisfy
the needs of a particular problem. For uncomplicated problems a simple
computational method can give satisfactory results. If more complex problems
are to be solved then the precision and accuracy that a numerical solution may
offer, is in many cases preferred.
Sometimes more than one computational method can be used for a
particular problem. In tunnel engineering, an analytical method can be used for
a preliminary design of the tunnel, where a numerical method can be used
during the final design for a detailed analysis. In each case the geotechnical
engineer has to identify the difficulties of the problem and choose the
appropriate solution method.
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4.2 Applicability of Numerical Methods
One of the main uses of the numerical solutions in simulations of tunnel
excavation is the calculation of the stresses, strains and displacements. In other
cases, additional analyses that are very common in tunnel design such as the
determination of the plastic zone or even the generation of pore pressures are
also performed.
In each analysis, the generation and interpretation of the results is done
according to the level of accuracy and the purpose for which these analyses are
performed.
In general these analyses can be grouped in two categories:
a) Qualitative analysis
Qualitative analyses do not give exact numbers as results but their main
purpose is to enhance the conceptual understanding of the problem and the
engineering principles in general. Specifically in a tunnel excavation analysis,
the impact of parameters that describe the tunnel or the surrounding ground, on
the stress distribution around the tunnel, can be considered to be a qualitative
analysis.
Another form of qualitative analysis are parametric or sensitivity analyses.
Such analyses aim to find the impact of some parameters on the tunnel and the
surrounding mass. This analysis will consider different parameters and how
they affect the behavior of the tunnel. A sensitivity analysis is performed when
the different parameters of the tunnel and the surrounding mass are known and
the goal, through this analysis, is to identify the impact of some parameters
such as the tunnel geometry or the tunnel's depth on the stress distribution or
the displacements around the tunnel.
Other parameters that can be checked during the sensitivity (parametric)
analysis are the tunnel excavation sequence and the time dependency of the
excavation stages.
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b) Quantitative analysis
The main purpose of this analysis is to determine all the required values
that will affect the final design of the tunnel. The design values relate not only to
the structure itself, but also to the effect on the surrounding structures.
These results might as well be used for back analysis of a problem. For
instance, during the construction of a tunnel where field measurements are
performed, these results can be used for verification of the design procedure, or
even for adjustment of further design of the tunnel.
4.3 Numerical Methods - Description and Comparison
A number of several numerical methods are used in tunnel engineering.
Some of these methods are presented in the following table. Three different
models are presented, with the associated numerical methods used.
Figure 4.1 Common Numerical Methods used in Engineering
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All of the numerical analysis methods mentioned above can be applied
individually or they can be combined in a hybrid form. Each one of them can be
applied according to the problem that has to be solved.
4.3.1 Modeling with Finite Elements
The main solution method applied in this thesis is the Finite Element
Method. Regardless of the physical nature of the problem, the subsurface is
modeled as a continuum. This is the first step in the application of this method.
Thus the continuum is divided into an equivalent system of smaller
continua, a limited number of elements - each of simple geometry - that are
called finite elements. All these elements form the finite element mesh. Some
examples of generated meshes are shown at the following figures.
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Figure 4.2 Examples of 2-D mesh
Figure 4.3. 3-D mesh formed by solid elements
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The elements that form the mesh are assumed to be connected at certain
points called nodal points. As shown at the following figures the nodal points
can be located at the corners of the elements or at mid points, depending on
the precision required in the analysis.
These nodes are the points where the displacements are calculated during
the analysis. The nodal displacements are related to the displacements at every
point inside each element, depending on the type of the element used. From
the displacement field in the elements the strains and stresses can also be
calculated.
face 3 3 face 3
44 7
ace 4 face 2 face 4 8 6 face 2
face 1 2 1 5 2face 1
4 - node element 8 - node element
Figure 4.4 Node and face numbering for generalized plain strain elements
(Source: Abaqus Theory Manual)
4 7 3 41 7 3
x7 x8 x9 x3 4x
8 x4 x5 x6 6 8 X1x6
434
X1 x2 x3 X1 2x
15 21 52
8 - node element 8-node reduced
integration element
Figure 4.5 Numbering of Integration points for output results in plain strain elements
(Source: Abaqus Theory Manual)
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8 758face 6 16820
face 6 4il5 13 6 20
- -5 face 4
6 face 4 12517 183
12 face 3 9 2
face 1 face 3 face1
Z 8 - node element 20 - node element
Y
X
Figure 4.6 Numbering of nodes and faces in solid elements
(Source: Abaqus Theory Manual)
Basic characteristic of the finite element method is that the finite elements
are analyzed separately with the physical and constitutive properties assigned
individually in each one of them. The different equations for the stiffness and
the properties of the elements are formulated and are assembled so as to get
the equations for the total structure. This interconnection between the elements
makes the analysis a highly complex mathematical model.
The continuum can represent a physical body of ground where the
excavation of a tunnel is performed. In this model, we are interested in several
values such as displacements, stresses or even potential flow. These are the
unknown quantities in a tunnel simulation. Quantities such as stresses and
water flow quantities can be calculated from the displacements and the flow
potential respectively.
The mesh that is created by the different elements represents the model
that simulates the excavation. The analysis of this model is performed with the
solution of the equation matrix that includes all the equations from the different
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elements. A global stiffness matrix is created for the whole structure to relate
the known with the unknown quantities. This global stiffness matrix is formed by
adding all the stiffnesses of each of the elements.
The main advantage of the finite element method is that it allows the
simulation and the analysis of complex underground conditions. This numerical
solution method allows the simulation of complex constitutive laws, different
material properties (homogeneous and non-homogeneous), as well time
dependent construction methods.
4.4 Mathematical Formulation
As mentioned before the basic concept when generating a finite element
model that will be analyzed, is that the domain that is modeled, is discretized
into smaller elements that are connected with each other sharing the same
nodal points. Any variables calculated at the nodal points are used to calculate
these variables inside these elements.
All these calculations are performed with the use of different mathematical
expressions that describe the behavior of the model analyzed.
Under certain loading conditions, the load is transferred through the model
mesh to the nodes. With the assumption of specified material properties for
each of the discretized elements, the nodal displacements and the internal
stresses are calculated after a determination of a stiffness matrix that will model
the soil domain.
The nodal displacements and the internal displacements are related with an
internal set of linear expressions:
D1101+ D1202+ D13 0 3 +....+ D1anc=U,
D 1101+ D120 2+ D 13 ( 3+....+ D1 (On=U2
D 1cl 1+ Do20 2+ Do3sD 3+....+ Don~n=Un
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Where, Dij: internal displacement
Oij: shape factors
U,: nodal displacement
These relations
D
D2  (21
D ,
n n1
can be
(12
(P22
presented in
(13 .~.
T23 ...
the
n2 n3
form of matrices:
(1n U'
(2n U2
(p Unn n.
or
{Di}=[1] {Un}
where, {Di} is the internal displacement of a finite element vector
[0] is the shape matrix
{Un} is the nodal displacement vector
The internal strains can be calculated in the same way with derivation of the
last equations.
{Ei}=[B] {Un}
where, {Fi} is the strain vector
[B] is the displacement matrix
{Ua} is the nodal displacement vector
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In order to calculate
This matrix
U 1  11
2 2 B21
E U B
n n. n1i
the strain vector, the stiffness matrix has to be defined.
B12
B2 2
Bn2
The internal stresses can
following equation:
B1 3
B2 3
Bn3
1n
... 
... B2n
nn_
be calculated from the strain vector, by using the
{oi}=[D] {Ei)
where, {EJ} is the strain vector
[D] is the stiffness matrix
{oi} is the stress vector
The stiffness matrix can be calculated using the energy equation, by defining
the work that is generated from nodal forces that create nodal displacements.
Many scientists have developed several stiffness matrices for different elements
such as plain strain, axissymetric stress, and 3D elements, for the development
of the mathematical formulations of the finite element analysis.
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Chapter 5
Modeling a Tunnel Excavation
5.1 Introduction
What can be achieved with the generation of a numerical model is the
accurate reproduction of the real conditions in a tunnel excavation problem.
This offers the opportunity to predict and interpret the behavior of the
surrounding ground as well as the response of the tunnel itself.
In many cases this procedure can be very complicated as there are many
unknown parameters when a real condition is simulated. The uncertainty about
the ground parameters, the tunnel behavior, as well as the inability to represent
the ground response by formulating the appropriate constitutive laws, are some
of the reasons for certain simplifying assumptions. Even with these
assumptions the results can be accurate enough, so that they can be beneficial
to the geotechnical engineer.
5.2 Modeling the Ground Subsurface
The selection of the model is one of the most important steps in the
simulation of a problem. The size of the mesh as well as the size and the type
of the elements that generate it, must be appropriate so as to ensure accuracy
in the model and subsequently in the results.
Using a simple model with simplified assumptions can be one of the
reasons for the omission of important parameters that directly affect the
behavior of the tunnel and the surrounding area. In a similar way a complex
model, although providing accurate results, can increase the cost of the
analysis, as the definition of several parameters can be a complicated
procedure. The results in the simulation are calculated in a way that a possible
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mistake in the definition of the parameters can be multiplied by the end of the
simulation. For example the stresses calculated in an analysis result from the
integration of the displacements.
The first step in a simulation is to set the constitutive laws that will describe
in the most appropriate way the stress-strain relationship in the ground. For
geotechnical engineering problems some of the main constitutive laws used are
linear elastic, elastic-plastic, linear visco-elastic and elasto-visco-plastic.
During the simulation of the ground certain assumptions are considered,
such as the homogeneity of the medium and its isotropy. In many cases though,
the ground parameters may vary with time. These changes are often related to
creep effects or consolidation.
5.3 Simulation of Tunnel Advance
With the excavation of a tunnel and the subsequent placement of the
support, there is a change in the stress field at the tunnel perimeter and in the
surrounding medium. Depending on the prevailing conditions around the tunnel,
this change may be continuous or in stages during its lifetime. The knowledge
and understanding of the deformations associated with these changes, is
necessary so as to interpret and explain the behavior of the tunnel support.
The excavation sequence and the installation of the liner during the
excavation of a tunnel are the most important parameters to consider in the
design phase. When a computer analysis is performed for the simulation of a
tunnel excavation, the construction phases and their sequence must be
simulated in order to obtain realistic results. However, taking into consideration
the effect of staged excavation, more complex simulations can be created that
in many cases might eventually decrease the accuracy and the integrity of the
results. In any case, the main goal is the accurate and realistic modeling of the
problem under investigation.
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5.3.1 Change of Equilibrium during Construction
Before the excavation of the tunnel there is a static equilibrium in the
medium. The process of tunneling creates a new equilibrium. This equilibrium is
continuously changing, depending on the various stages of tunnel construction
and placement of supports, until a final equilibrium is reached.
A region of changing stresses, characterized by increased vertical pressure,
travels ahead of the advancing of the tunnel. Changes of equilibrium conditions
are also felt at a considerable distance behind the face. The distribution of
stresses has a three-dimensional character near the face, but approaches a
two-dimensional state as the face advances. The rate at which the two-
dimensional state is approached is influenced by the rate of advance of the face
in relation to the time dependent behavior of the medium.
Transverse
Stress
Redistribution
Longitudinal
Stress
Redistribution
Figure 5.1. Load transfer in three-dimensional model
(Source: Underground Structures, 1989)
Changes in the stress equilibrium cannot take place without deformations in
the medium. If supports are employed these will deform as well. There is
always an immediate deformation response to a change in equilibrium
conditions, and commonly there is an additional, time dependent response.
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In a water-bearing medium, the excavation of a tunnel changes the pore
water pressures around the opening and flow of water is induced. In fine
grained materials with low permeability, the establishment of hydrostatic or
hydrodynamic equilibrium is not immediate. The associated time-dependent
changes in effective intergranular pressures in the medium lead to time-
dependent deformations. Time lags may also be associated with visco-elastic or
visco-plastic phenomena such as creep in the medium itself or along joint
planes in the medium.
Whatever the cause of the time lags, their most important effect is that the
final equilibrium for a set of boundary conditions is not often reached before
new changes in boundary conditions occur.
5.4 Effect of Water and Consolidation
With the excavation of a tunnel in a fully saturated mass, two types of time
dependent behavior occur in the surrounding ground. The first time dependent
behavior is related to creep deformation or stress relaxation. The second
behavior is caused due to the dissipation of the excessive pore water pressures
in the surrounding ground, where there is an apparent loss of strength of
materials.
In tunnel construction a common phenomenon is that drainage occurs in
the surrounding ground due to the excavation process. With progressing tunnel
advance the area is subjected to additional groundwater drainage into the
tunnel opening. When the surrounding ground is partially or fully saturated, the
stress field is influenced by negative pore pressures that build up behind the
tunnel liner. The dissipation of these pore pressures affect the vertical stresses
in the surrounding mass and eventually the stress applied on the liner.
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5.5 2d and 3d Analysis of a Tunnel Excavation
Tunnel excavation is a complex procedure that usually has a three-
dimensional character. This three dimensionality is often related to the
geometry of the problem and particularly to the zone near the excavation face.
Figure 5.2 depicts the way in which this three dimensionality is encountered.
With the excavation advance there is a redistribution of stresses in both the
longitudinal and the transverse direction. This effect and the generation of
displacements in this zone can create a stability problem.
SCHEMATIC LOAD TRANSFER
TUNNEL
FACE
LONGITUDINAL SECTION SECTION A-A
Figure 5.2 Three-dimensional character of a tunnel excavation
(Source: Underground Structures, 1989)
Apart from the problem of the geometry of the analyzed zone, a three-
dimensional model is necessary when the subsurface behaves differently in the
three dimensions.
The most significant advantage of the 3d model is its ability to simulate
various stress fields. In contrast to the simpler 2d models, it allows the
consideration of the horizontal stresses perpendicularly to the tunnel as well as
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along its axis. This effect of variability of the horizontal stresses will be
examined in a later chapter. Figure 5.3 compares the stress conditions of a
complete 3d model to those of an axisymmetric 2d model.
Coz
Ky - cz
(a)
Ky - Gz
X
Z7*
(b)
Figure 5.3 a) 3d model with different principal stresses in all three directions
b) axisymmetric 2d model with two principal stresses being equal
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The influence of the coefficient of horizontal stresses has been analyzed in
the past by Chen & Lin (1997). Initially they investigated the effect of in-situ
stresses on the deformation behavior of the tunnels, excavated in multiple
stages by three-dimensional numerical analysis. The purpose of their survey
was to study the effect of tunnel driving direction with respect with the maximum
horizontal stress direction.
From the results of their analysis presented in figure 5.4, we can see the
variation of the tangential stress and the tunnel deformation with different
values of coefficients Kx and Ky (figure 5.5). The tangential stresses and the
deformations were calculated at the crown and at the level of the springline
along the tunnel axis.
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-9.0 --------
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S/B
Figure 5.4 Effect of in-situ stresses on tunnel deformation
and tangential stresses on a tunnel lining (Chen & Lin 1997)
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Figure 5.5 Coefficients of horizontal stresses used in the analysis
There are certain assumptions that can be made during the simulation of a
tunnel excavation, such as the homogeneity of the surrounding mass and the
isotropy of the stress field. These assumptions allow one to use simpler (non
3-d) simulations with acceptable accuracy of the results. Typical two-
dimensional models are the axis-symmetric and the plane strain model.
Although a 2d model cannot consider the effect of the tunnel advance on the
real stress redistribution around the face, it can capture satisfactorily the
deformations ahead of the tunnel face.
An axisymmetric model is restricted to an isotropic, radially homogeneous
and continuous ground, and cylindrical tunnels. The ground properties as well
as the geometry of the tunnel cannot vary with the angle of rotation of the tunnel
axis but can vary along the tunnel axis.
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Figure 5.6 Axis Symmetric model with rotation to simulate a 3d problem
In the plane strain model a cross section of the tunnel with an infinite length
is examined. The behavior of the tunnel and of the surrounding area are
considered constant along the tunnel axis. The main advantage of this model is
the simplicity and low cost compared to three-dimensional finite element
analyses. It can be used in cases where the ground conditions do not change
along the tunnel. The plane strain model is widely used for the analysis of
stresses during the simulation of a tunnel excavation. This model cannot take
into account the effect of the excavation process but can give enough input for
the tunnel design.
Some of the limitations of the two 2d models can be overcome by
combining them. This will be done, to some extent in the following chapters
where results from the axisymmetric model will be used in the plane strain
model. As will be shown, during the advance of the face of the tunnel, the
axisymmetric model can show the deformation of the ground in front of the face
before any means of support is installed. This input can be used in the plane
strain model, for the analysis of different sections of the tunnel.
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In conclusion, the 3d model can:
* Represent the actual initial stresses around the opening with
different coefficients Kx and Ky (figure 5.3)
" Model the three-dimensional character of the stress redistribution
due to the excavation advance
* Produce results in three dimensions
" Model the real ground conditions such as anisotropy in the
material behavior and permeability
" Exactly reproduce an excavation process
By definition the two-dimensional models do not have the same capabilities
as the three-dimensional models. However, with the combination of two-
dimensional models, one can obtain results that approach reasonably moderate
cases.
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Chapter 6
Two Dimensional Modeling of a Tunnel Excavation
6.1 Introduction
Normally the excavation of a tunnel and the subsequent placing of the
support are performed in stages. In most cases though, the design of the
support after the excavation, ignores the effect of excavation.
The performance of a tunnel is greatly influenced by the excavation and
support procedure, as well as by the initial and long term ground behavior. The
proper consideration and the better understanding of these effects on support
design and installation, should lead to more economic and efficient tunnel
construction.
In this analysis a two-dimensional finite element model has been used in
order to study the influence of the rate of advance of the face of excavation and
time of support application on the behavior of the tunnel. This analysis
continues by examining the effect of consolidation during excavation and
placement of the liner.
As discussed earlier, tunnel excavation is actually a three-dimensional
problem but it can be usually analyzed by a two-dimensional model. The basic
idea behind all 2-d models for simulating tunnel excavation is to capture the
deformation which occurs ahead of the tunnel face by some means without
performing a 3-d analysis. This is especially important when the design of the
temporary lining is of concern. A number of approaches have been proposed
from design charts developed from 3-d analyses (Kielbassa & Duddeck 1991).
Although the numerical technique employed in this study is not new, the
results presented show the importance of the effect of consolidation on the
stresses on the lining, during a staged excavation of a tunnel.
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6.2 Problem Description
In this first part of the analyses, an axisymmetric model is used for the
elastic analysis of a staged tunnel excavation. The excavation is modeled in 10
steps of 1m each with application of a concrete liner simultaneously with the
excavation at different distances from the face.
Three different scenarios of excavation are examined, each in both dry and
wet conditions. In each scenario the lining is placed 1 m, 2m and 3m behind the
excavation face, leaving an unsupported length l=lm, lu=2m and lu=3m
respectively. An example of the three scenarios of excavation is shown in the
figure below (Figure 6.1). At the beginning of the excavation when the liner has
not been placed yet, the first section of the ground is excavated. In subsequent
steps, 1m of liner per step is placed, leaving an unsupported tunnel length of
l=1, lu=2m and lu=3m depending on the scenario.
.. ....... . m.. .. ... 
2-m 3mn 4rn 5m
Face Advance
----4.m.- - m
im 2m 3m 4m 5m Im 2m. 3m 4m 5m
Face Advance " 2m
im .2m 3m 4 5m
Face Advance
1m 2m 3m 4rn 5m
Iu=3m
Figure 6.1 Axisymmetric model of a full advance excavation with
three different unsupported lengths examined
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6.2.1 Ground Behavior
In this investigation the ground was assumed to be homogeneous and
linear elastic. The stiffness or deformation modulus was considered constant in
the entire model, with no change close to the face of the excavation. Obviously,
these assumptions simplify the behavior of the groundmass.
Ground Properties
E=150000 KPa
v=0.3
Permeability: 10-9 m/sec
y=20 KN/m 3
6.2.2 Tunnel Geometry
The tunnel is circular and it is supported with the placement of a concrete
liner, which is installed in stages as the excavation advances. It has a radius
a=4.5, which remains constant along the tunnel axis. The liner placed at the
tunnel periphery is simulated by concrete elements with a thickness of t=0.5m
(In the next chapter in which the three-dimensional model is used, the
simulation of the liner is performed with finite shell elements).
Tunnel Properties
Tunnel Depth: 100m
Tunnel radius: a=4.5m
Ec=25000000 KPa
vc=0.25
y=25 KN/m 3  a
Thickness t=0.5m
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6.2.3 Staged Excavation
During the excavation of a tunnel, the original stress field in the ground
changes considerably before the first support system installed, affecting the
stabilization of the opening.
Depending on the stress release around the tunnel and at the face of
excavation, a small portion of the primary stresses is acting on the lining. This
effect can also be examined when using a two-dimensional model, but without
the ability to control the horizontal stresses perpendicularly to the tunnel axis.
This limitation can be overcome with a three dimensional model (examined in
chapter 7).
During the excavation of the tunnel the ground responds to each step of
excavation. Stresses normal to the surface of the tunnel are released followed
by inward displacements (assuming homogeneous surrounding ground for each
step of excavation). These stresses and displacements increase, to reach
finally a maximum value at some distance from the face.
The excavation of the tunnel is performed in several steps in order to
approach reality. In each step, the face of the excavation advances 1m. In the
following step the excavation proceeds further 1m while at the same time the
liner is placed behind (figure 6.2).
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1M 2m 3.m 4M 5mn 6m 7m
Face Advance
1M 2m 3.m 4rn 5m 6rn 7m
'U
Face Advance
Figure 6.2 Simulation of the excavation
6.2.4 Consolidation during Excavation
Part of the analysis refers to the excavation of the tunnel in a fully saturated
medium. The effect of consolidation is taken into account during the staged
excavation.
As mentioned above, the excavation of the tunnel is performed in 10 steps.
Each step represents 1m of full-face advance. During the excavation of the
tunnel, the surrounding ground is allowed to consolidate. The permeability of
the ground is k=10-9 m/sec, while the liner that is placed after excavation is
considered impermeable.
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In the first step of the simulation the first 1m is excavated. At this point this
section of the tunnel remains unsupported, and the mass is allowed to
consolidate for 1 day. In the next step the excavation advances one more
meter, while at the same time the liner is placed in the section of the tunnel that
was excavated in the first step. This time between two consecutive steps is
constant for the whole excavation and equal to 1 day. Hence, after the end of
the excavation that is simulated (10m of excavation), the total time of
consolidation will be 1Odays.
6.5 Numerical Simulation of the Excavation
6.5.1 Numerical Code
Abaqus is a powerful general-purpose finite element package which has
been designed for the analysis of complex nonlinear problems. At first sight, it
may therefore seem inappropriate for beginners in finite element analysis.
However Abaqus is relatively easy to use and while complex problems require
complex input files, simple problems require only simple input data.
Essentially, the finite element analysis is a method of solving partial
differential equations and so Abaqus can be used to solve many types of field
problem. However the program was really written for modeling mechanical
systems and so it is most suitable for problems in which the field variable is
displacement, temperature, etc. It can also be applied for various geotechnical
applications giving solutions to many complex problems.
6.5.2 Building the Model
In order to investigate the effect of consolidation during a tunnel excavation,
an axisymmetric FEM model was initially constructed. The following figure 6.3
depicts the element pattern around a flat face of a tunnel, circular in cross
section. The FEM model used in the present analyses is a body of revolution
whose axis is identical with the axis of tunnel denoted by the x-axis.
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The examined region is represented by the meshed rectangle (figure 6.3).
Along the limits of the model the normal components of displacement are zero.
In the case of a fully saturated medium, drainage is allowed in all the directions.
The type of elements that was used in the model was CAX8P, pore
pressure-axisymmetric elements with 8 nodes.
x
Figure 6.3 Axisymmetric model used in the analysis
6.5.2.1 Simulation Steps
The steps described earlier in the chapter, represent the real conditions
during the excavation and support of a tunnel. The main goal when applying the
numerical methods for the analysis is to simulate the problem in a realistic way.
Real conditions are simulated by using several steps in the input file. These
steps include the definition of the initial stress conditions, of the boundary
constraints during the excavation, and finally of the excavation sequence.
The steps mentioned below refer to the simulation of a tunnel in dry
conditions where no consolidation takes place. In a saturated ground where
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consolidation is considered, the steps include the consolidation procedure.
A schematic diagram of the excavation sequence and a short description of the
steps followed are shown in Appendix II.
Initial Stress Field
The initialization of stresses is performed before any of the steps that
simulate the excavation. In Abaqus the initialization of stresses is considered a
model command, so it is not included in any step functions.
The sources of the initial stresses are the weight of submerged soil,
according to y of the ground. One of the main limitations of the two-dimensional
axisymmetric model is that with the rotation of the model around the tunnel axis,
it is not possible to define a coefficient of lateral stresses perpendicular to the
tunnel axis. In any case the horizontal stress will be equal to the vertical stress.
In the model, the vertical stress is kept constant at 2000 MPa (the tunnel is
located at 100m depth). For reasons mentioned above, the horizontal stress
perpendicular to the tunnel axis has the same value as the vertical stress. A
different coefficient of horizontal stresses Ko=0.5 can be assigned along the
tunnel axis (Figure 6.4).
(The effect of the limitation in the definition of different coefficients Ko in the
model, will be examined in the next chapter where the same tunnel excavation
will be simulated in three-dimensions).
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Figure 6.4 Definition of initial stress field
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Generation of the concrete elements - Step 1 (dry case) - Step 0 (sat. case)
Due to a limitation of Abaqus in assigning two different material properties
for the same elements and in the same model, a new element set with the
properties of concrete had to be created in this step.
Immediately after its generation, the new set is deactivated in order to avoid
potential conflict with the existing elements that simulate the ground.
Start of Excavation Sequence - Step 2 (dry case) - Step 1+Step2 (satur. case)
In this step the first section of the tunnel is excavated. The liner still remains
inactive. Depending on the excavation scenario, the section of the tunnel
excavated is 1 m, 2m or 3m, creating an initial unsupported section of equivalent
length.
In the case of the excavation in saturated ground, the excavation of the first
section of ground, is performed in two steps, since this the initialization of pore
pressures is performed at the same time.
(The simulation of consolidation is explained later in paragraph 6.5.3)
Excavation and placement of the liner (dry case)
Steps 3 - 12 (lu=1m), 3 -11(lu=2m), 3 -10 (lu=3m).
These steps simulate the excavation advance. For the three scenarios the
excavation advances by 1 m while in the same step the liner is placed in the
section that was excavated in the previous step. An example of the initial
excavation phase was shown in figure 6.1. In the model the placement of the
liner is simulated by activating the concrete elements that were created in step
1.This procedure, i.e. step 3, is repeated until the face has reached the desired
end point (excavation of 10m).
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Step 2
Excavation of first meter
This element set will be
reactivated with concrete
properties in the next
step 
_
im 3m 4m 5m
Face Advance
Step 3
Excavation of second meter
with placement of concrete
behind
Concrete element set
after its activation
1rni 2m 3m 4m 5m
Face Advance
Figure 6.5 Excavation sequence during the analysis
6.5.3 Time Stepping during Consolidation
Consolidation is run in two steps. The first step is a single increment
analysis with an initial time step, with no drainage allowed across the excavated
surfaces of the roof and the face. This establishes the initial solution: uniform
pore pressure equal to the load throughout the body, with no stress carried by
the skeleton (zero effective stress). This initialization is performed once and for
the whole simulation.
In the second step of this procedure the actual consolidation is then
performed using automatic time stepping. For this reason the Step 1 and Step 2
in the case of consolidation is equivalent to the Step 2 in the case of dry
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ground. This procedure of consolidation is performed for all the following steps
of the simulation.
The accuracy of the time integration for the second procedure, during which
drainage is occurring, is controlled by the parameter UTOL. This parameter
specifies the allowable pore pressure change per time step. Even in a linear
problem UTOL controls the accuracy of the solution, because the time
integration operator is not exact (the backward difference rule is used). In this
case UTOL is chosen according the load applied or the initial stress field. Since
this value is relatively large it should only give moderate accuracy; this is
considered to be adequate for the purposes of the example.
An important issue in such consolidation problems is the choice of initial
time step. As the governing equations are parabolic, the initial solution,
(immediately after the sudden change in load) is a local, "skin effect" solution.
With a finite element mesh of reasonable size for modeling the solution at later
time (when the change in pore pressure have diffused into the bulk of the body
ground), the initial solution will be modeled poorly. With smaller initial time steps
the difficulty becomes more pronounced. As in any transient problem, the
spatial element size and the time step are related to the extent that time steps
smaller than a certain size give no useful information. This coupling of the
spatial and temporal approximations is always most obvious at the start of
diffusion problems, immediately after prescribed changes in the boundary
values. For this particular case the issue has been discussed in detail by
Vermeer and Verruijt (1981), who suggest the simple criterion.
At YW (Ah) 2
6Ek
where,
Ah is the characteristic element size near the disturbance (that is near the
draining tunnel perimeter in our case), E is the elastic modulus of the soil
skeleton, k is the soil permeability, and yw is the specific weight of the
permeating fluid. Based on the solution of the equation an initial time step At is
used.
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6.6 Analysis of Results
6.6.1 Displacement at the Liner
Part of the analysis is to examine the effect of the excavation process on
the displacement of the lining. After 1Om of excavation, the displacement at the
interface of the lining and the ground is examined. Recall that different
scenarios were selected with unsupported tunnel length ranging from lu=1m to
3m. The reference points for all the graphs that are going to be presented are
shown in figure 6.6.
The steps performed in both the dry and fully saturated cases, are shown
and explained in Appendix II. In these two cases the whole analysis is
performed in 10 steps (when lu=3m) to 12 steps (when le=1m). In the analysis
and interpretation of the results, every step is going to be referred by the day in
which it is performed.
z
x
2m 4m 6m 8M 10OM
Reference point
for ground displace
at the interface
1 Reference point 2
nent for liner displacement
Figure 6.6 Location of the reference point for the calculation of the
displacement of the lining
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In the following graphs of figures 6.7 and 6.8, the displacements of the liner
at the reference point 2, are shown. In the case of the dry ground, the liner is
activated during the second day. The first displacement of the liner is recorded
at the end of the second day, at the beginning of which it was activated in the
model.
In the case of the saturated ground, the displacement of the liner starts
after its activation during the second day. During the first day, the ground was
excavated and was allowed to consolidate for a day, until the excavation
advanced one step and the liner was activated.
0.0
[xiC
Dry Ground
Mass
D
U1(Im)
XMI N I ,'a0 -E t- Q 0
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0 1 2 3 4 5 6
End of Day
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Figure 6.7 Displacement in z direction for reference point 2 in dry ground
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l=3m
//
le=2m
lU=1m
L lu=3m
Fully
Saturated I
Ground
U1 (M)
YtEIN 1 5 0 -3
-12 7 OE -I
0 1 2 3 4 5 6 7 8 9 10
End of day
Figure 6.8 Displacement in z direction, for reference point 2 in fully
saturated ground
Comparing the two cases, in dry and saturated ground (graph of figure 6.9),
we can see that in the case of dry ground, most of the displacements are
released early in the excavation process, (by the end of the day 5 or 6 when the
excavation face has advanced 5m). With consolidation taken into account, the
displacement is released more slowly.
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End of day
2 3 4 5 6 7 8 9 10
-a-Dry
+ Wet
Figure 6.9 Displacement in z direction, for
fully saturated ground
reference point 2 in dry and
(la=2m)
Some comments can also be mentioned for the effect of the unsupported
length lu in both dry and saturated ground. In figures 6.7 and 6.8 it was shown
that the variation of la has an effect on the displacement of the liner. Greater
unsupported length leads to smaller displacements of the liner, since in that
case most of the displacement has been after excavation and before the
placement of the liner.
This release of displacements can be shown in figures 6.10 and 6.11 where
the displacement of the ground above the liner is shown. In both dry and
saturated ground (figures 6.10 and 6.11 respectively), the displacement in the z
direction increases with an increase of the unsupported length. Figure 6.12
shows this displacement in dry and saturated ground for two different values of
the unsupported lengths.
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Figure 6.10 Displacement in z direction, for reference point 1 in dry ground
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End of day
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Figure 6.11 Displacement in z direction, for reference point 1 in fully
saturated ground
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Figure 6.12 Displacement in z direction, for reference point 1 in dry and
fully saturated ground
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Comparison of Radial Stress on the liner for dry and fully saturated ground
One of the most important issues in this simulation was to examine the
effect of consolidation on the stresses in the liner, with the advance of the
tunnel excavation. The following figure 6.13 shows, the reference point for the
calculation of the radial stress acting on the liner.
z
2m 4m 6m 8m 10m
Reference element 1
for stress calculation
on the liner
Figure 6.13 Location of the reference point for the calculation of the
radial stress acting on the lining
The variation of the radial stress in the z direction for both dry and saturated
ground is shown in figures 6.14 and 6.15.
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Figure 6.14 Radial Stress S11 in z direction in dry ground (reference element 1)
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Figure 6.15 Radial Stress S11 in z direction, in fully saturated ground
(reference element 1)
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The variation of the unsupported length of the tunnel during excavation has
an effect on the development of stresses in the lining. In both dry and saturated
conditions, a greater unsupported length leads to smaller stresses acting on the
lining. As shown earlier in the chapter, a high value of lu, leads to a release of
greater displacements before the excavation of the area.
Comparing the results of the dry and the saturated ground, an increase of
the stresses is observed when the consolidation effect is taken into account
(Figure 6.16). In each case the stress applied on the lining increases with the
advance of the excavation face. In the case of dry ground and when the
excavation face is at a distance of 5m from the reference element 1, the stress
acting on the liner has reached almost 90% of its final value. With the
consolidation effect, the stress on the lining increases throughout the
considered excavation sequence and reaches a maximum which is 10-15%
higher than the stresses that develop when the ground is dry.
End of day
0 1 1__ _ _ _ _ _ _
2 3 4 5 6 7 8 9 10 11
-50
-100
-150
C.
-200
-- Wet - lu=2m
-250 
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-300
-350
-400 -
-450
-500
Figure 6.16 Comparison of radial stresses in z direction in dry and fully
saturated ground, for lu=2m - (reference element 1)
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Variation of pore pressures with time, above the liner
During the excavation of the tunnel in the saturated mass, the surrounding
mass consolidates, affecting the stress release and the generation of
displacements. The following figures present the dissipation of pore pressures
with time, at different distances from the liner. Figure 6.17 depicts the reference
points for the pore pressure calculation.
r=4.5m
r=4.5m
4I
Reference points for pore
pressure calculations
2m 4m 6m 8m IOM
z
Figure 6.17 Location of the reference points for the calculation of
the pore pressures above the lining
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Figure 6.18 Dissipation of pore pressures with time, above the lining
with unsupported tunnel length lo=1 m
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Figure 6.19 Dissipation of pore pressures with time, above the lining
with unsupported tunnel length lu=2m
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Figure 6.20 Dissipation of pore pressures with time, above the lining
with unsupported tunnel length lu=3m
After the initialization of stresses, and before the beginning of excavation,
the pore pressure is 2000 KPa. When the excavation begins the pore
pressures start dissipating. Figure 6.21 is a comparative graph for the
dissipation of pore pressures at a point that is located 3.5 m above the lining.
As shown earlier a greater unsupported length leads to smaller stresses in the
liner. Pore pressure dissipation can be related to this stress development. With
an increase of lu the stresses are smaller leading to a slower pore pressure
dissipation above the liner. Hence, when the unsupported length of the tunnel is
smaller, water is forced out of the surrounding ground faster causing quicker
pore pressure dissipation.
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Figure 6.21 Dissipation of pore pressures with time, above the lining
with variation of the unsupported tunnel length lu
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Chapter 7
Three Dimensional Modeling of a Tunnel Excavation
7.1 Introduction
The analysis performed in this chapter consists of two parts. The first part
examines the effect of the variation of the initial stress field. The purpose is to
show the importance of the relation between the vertical and the horizontal
stresses, and how it affects the stress distribution during a staged tunnel
excavation. A three dimensional model is used.
This variation of vertical and horizontal stresses was mentioned as one of
the limitations of the axisymmetric model compared to the three-dimensional
model. In the axisymmetric model, only the coefficient of lateral to vertical
stresses along the tunnel axis can be controlled, which in most cases has less
effect on the stress and displacement variation.
In the second part, the results of the 3d model are compared to the
axisymmetric model, using the same tunnel and ground properties. This
comparison will show the differences in the accuracy of the results obtained
from a 2d and a 3d model.
7.2 Analysis Description
A three-dimensional model is used for the elastic analysis of a staged
tunnel excavation in dry ground. The ground properties as well as the tunnel
geometry are the same as those used in chapter 6.
Ground Properties Tunnel Properties
E=150000 KPa Tunnel Depth: 100m - Tunnel radius: r=4.5m
v=0.3 Ec=25000000 KPa
Permeability: 10-9 m/sec vc=0.25, y=25 KN/m 3
y=20 KN/m 3 Thickness t=0.5m
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Figure 7.1 Tunnel Cross Section
7.2.1 Staged Excavation
The staged excavation of the tunnel is simulated in steps. Each step
simulates the excavation advance and the placement of the liner. The
excavation rate is 1 m per day.
In each step a section of 1m of the tunnel is excavated. At the same time
the liner is placed in the previously excavated section and at a distance of 1m
from the face. Thus an unsupported length lu=1m (previously defined in section
6.3) is created.
7.2.2 Stress Variation
As mentioned, one of the purposes of the analysis is to show the effect of
different coefficients of horizontal stresses. Two different cases of stress
variation are examined as shown in Figure 7.2.
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Viz
Analysis Part I
Ky - z Case 1: Kx=Ky=0.5
Case 2: Kx=Ky=1
Figure 7.2 Horizontal stresses applied in the analysis
The stress field of case 2 is also used in the axisymmetric model, which will
be compared to the 3d model later in this chapter (Section 7.4)
7.3 Numerical Simulation of the Excavation
7.3.1 Building the Model
A three dimensional finite element model will be used for analysis in this
study. Figure 7.3 shows this finite element mesh, after the ground excavation is
completed. Only half of the ground is shown in the figure because of the
symmetry along the vertical centerline of the opening. The tunnel is located at a
depth of 100m. However in the model used, only 19m are shown (distance from
the center of the tunnel to the top surface of the model). The remaining (100-19)
m are treated as the overburden above the opening.
The horizontal dimension of this model is 19m from the vertical opening
centerline to its domain boundary. The radius r, of this opening is 4.5m.
The domain of this model measured from the edge of opening to model
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boundaries, either horizontal or vertical, is chosen to be three times of the
opening diameter.
Figure 7.3 Mesh of the three-dimensional model simulating the
excavation of a tunnel
For the three-dimensional finite element, 8-node linear tetrahedrons were
chosen (C3D8). For the simulation of the lining that was placed at the tunnel
periphery, 4-node doubly curved general purpose shells (S4) were used.
This is one difference between the 3d model and the axisymmetric model.
In the axisymmetric model, the placement of the concrete liner as a support for
the tunnel was simulated with two-dimensional solid elements. In the 3d model
the liner is simulated with shell elements, which offer a more realistic simulation
of the liner behavior.
7.3.2 Simulation Steps
The simulation of the staged excavation follows the same sequence as that
of the two-dimensional analysis. These steps are defined in the input file of the
simulation.
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Action
Initialization of geostatic stresses
Activation and deactivation of concrete elements
Excavation of first 1 m
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
1
2
3
4
5
6
7
8
9
10
11
12
13
second meter and activation of concrete at 1st meter
third meter and activation of concrete at 2 nd meter
fourth meter and activation of concrete at 3 rd meter
fifth meter and activation of concrete at 4 th meter
sixth meter and activation of concrete at 5 th m
seventh meter and activation of concrete at 6th meter
eighth meter and activation of concrete at 7th meter
ninth meter and activation of concrete at 8th meter
tenth meter and activation of concrete at 9th meter
third meter and activation of concrete at 10th meter
Step 1 - Initialization of geostatic stresses
During the initialization of the stress field, the vertical stress in the whole
model is kept constant (no variation with depth). Since the tunnel examined is
located at a depth of 100m, a vertical stress 2000 KPa due to the overburden is
used.
Step 2 - Activation and deactivation of concrete shells
In a same way as in the case of the axisymmetric model, the shell elements
which in later steps will represent the liner of the tunnel, are activated.
Immediately and in the same step these elements are deactivated to avoid
conflict with the existing ground elements. Their activation will start in the next
steps where the liner will be placed.
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Step Description
During
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
of
of
of
of
of
of
of
of
of
of
Step 3 - Excavation of 1 st meter
The first meter of ground is excavated. The liner is not placed yet at the
periphery of the tunnel. Its placement will begin in the next step when the
excavation face has advanced one meter.
Steps 4-13 - Excavation and placement of the liner
These steps simulate the excavation of the tunnel and the placement of the
lining at the tunnel periphery. The placement of the concrete is simulated with
the activation of the shell elements that were created in step 2.
7.4 Analysis of the Results
The analysis consists of two parts. In the first part (section 7.4.1) the effect
of the variation of the coefficient of horizontal stresses is examined. Continuing
in the second part (section 7.4.2) the results obtained will be compared with
those of the axisymmetric model.
7.4.1 Effect of KO variation in a 3d Model
Figure 7.4 shows the reference points for the interpretation of the results.
t 1 2
node c -
_j - -- -
node b
-44
- - 3
s,,,node d
,,node e
4-
--A1
-
Figure 7.4 Reference points and elements used for the interpretation of results
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The tunnel deformation is different for each of the two different coefficients
of lateral stresses. Figure 7.5 shows the deformation of the tunnel after
excavation with two different initial stress fields. In the case of Ko=0.5 the tunnel
is deformed into an elliptical shape since the resistance of the ground is less in
the horizontal direction. When K0=1, the tunnel is deformed inwards, uniformly
in both directions.
This effect is shown in figures 7.6 and 7.7 where the displacements of the
tunnel in the crown and at the springline are shown. As shown if figure 7.6, the
displacement in the crown is greater when Ko=0.5 than when K0=1.
Similarly in figure 7.7, the horizontal displacement at the level of the
springline is positive (outward displacement) for Ko=0.5, while for Ko=1 the side
is displaced towards the center of the tunnel.
. h=o.5at f Cyh=C 
Figure 7.5 Tunnel deformation for K0=O.1 and K 0O.5
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Figure 7.6 Radial convergence in crown (reference point c - figure 7.4)
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Ko=1
Figure 7.7 Radial convergence at springline (reference point e - figure 7.4)
The radial stresses (in direction 3 - figure 7.4) in the ground, during the
tunnel excavation are shown in figures 7.8 and 7.9. Figure 7.8 shows the
variation of the radial stress in the crown (in direction 3) of the tunnel, at the
boundary of the excavation (element 1 - Figure 7.4), while figure 7.9 shows the
stress variation in the element 2 in the ground and above the liner.
At the end of step 1, when the initialization of stresses is completed, the
vertical stress in both cases is ov=2000 KPa. At the end of step 3, when the first
meter is excavated, the radial stresses decrease. Since the element examined
is located at the boundary of the excavation, the stress should normally
decrease to zero immediately after excavation. The reason this does not appear
in the graph, is that the values shown are the average for the element and not
for the point at the interace.
In the case when Ko=0.5, the radial stress in the crown is less than for Ko=1.
Most initial stresses are released after the excavation at the end of step 1,
generating greater displacements in the crown and the face. With the
excavation advance the radial stress decreases down to a minimum stress 500
KPa.
When K0=1, the radial stress decreases from the initial 2000 KPa to a
stress value close to that obtained in the case of Ko=0.5. After the third step the
radial stress increases again up to a 1200 KPa.
Comparing the two models with Ko=0.5 and K0=1, we observe that in the
case of K0=1, the radial stresses in the crown of the tunnel are greater.
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Figure 7.8 Radial stress (direction 3 - Figure 7.4) in the crown
(reference element 1 - figure 7.4)
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Radial stress (direction 3 - Figure 7.4) in the crown
(reference element 2 - figure 7.4)
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Ko=0.5
Ko=1
Figure 7.9
7.4.2 Comparison of 3d and Axisymmetric Model
It was mentioned in chapter 5, that one of the limitations of the
axisymmetric model is that it does not allow to specify the horizontal stresses
perpendicularly to the tunnel axis. A coefficient Ko=0.5 in the axisymmetric
model specifies the horizontal stresses only along the tunnel axis. The
horizontal stresses perpendicularly to the tunnel axis, which are of greater
importance, are always equal to the vertical stresses.
The effect of the coefficient of horizontal stresses will be examined here.
The purpose of this analysis is to show how this limitation of the axisymmetric
model can affect the results obtained during the simulation of a tunnel
excavation.
In the following figure 7.10, the displacement in the crown is compared for
the axisymmetric and the three-dimensional model.
End of step
1 3 5 7 9 11
0
2 -
---- 3d - Kx=1 Ky=1
4 --- Axisym - Ky=1
-x- Axisym - Ky=0.5
S5 -
-- 3d - Kx=0.5 Ky=0.5
6 -
Figure 7.10 Comparative graph of radial displacements in the crown
for the axisymmetric model and the 3d model
(reference point c - figure 7.4)
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The following coefficients of lateral stresses are examined in the two
models:
1) Three-dimensional model
a. Equal principal stresses in all three directions (Kx=Ky=1)
c. Two equal horizontal principal stresses (Kx=Ky=0.5)
2) Axisymmetric model
a. Two equal principal stresses (Ky=1)
b. Two different principal stresses (Ky=0.5)
When the principal stresses are equal in all directions, the displacement
produced with the axisymmetric model is greater than that with the 3d model.
The difference in the maximum displacement is about 35%.
The comparison of the 3d model with Kx=Ky=0.5 to the axisymmetric model
with Ky=0.5, shows the limitations of the latter. In this case the axisymmetric
model produces only about half the displacements of the 3d model.
Similarly, the radial stresses in the crown, at the interface ground-liner and
at the ground above the liner, are presented in figures 7.11 and 7.12, where the
two models are compared.
In figure 7.11, where the reference element is at the interface ground-liner,
the comparison of the axisymmetric model with the 3d model (Kx=Ky=1) shows
that the stresses in both models initially decrease until the end of step 2, up to
which the tunnel remains unsupported. The stresses approach the zero value
during the second step when the excavation of the first meter is performed.
This is expected since the nodes that are located at the excavation surface
have zero stress immediately after excavation. In the case of the 3d model the
stresses do not decrease to zero, because the stress calculated at the element
is an average of the stress of its corner nodes. This difference between the
axissymetric and the 3d model is due to the different type of elements used in
each case. During the next steps the radial stresses increase as the excavation
advances. This is caused by the installation of the liner, which prevents any
additional displacement of the tunnel (the additional displacement is very small
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compared that produced when no liner is in place), thus increasing the radial
stress at the tunnel periphery.
When the 3d model (Kx=Ky=0.5) and the axisymmetric model (Ky=0.5) are
compared, the final stress right at the interface ground liner is eventually
smaller than that produced with the 3d model.
In figure 7.12 the variation of the radial stress in the ground (element
located above the liner) is shown. When the stress field around the tunnel is
such, that Kx=Ky=0.5, the radial stress calculated with the 3d model is less than
with the axisymmetric one. The minimum value to which the initial stresses
decrease, is almost 40% lower with the 3d model than with the axisymmetric
model. The opposite occurs when the two models are examined for Kx=Ky=1. In
this case the stresses above the liner, in the crown, are much greater when a
3d model is used.
The results mentioned above show the effects of the limitation of the
axisymmetric model to specify the coefficient of lateral stresses perpendicular to
the tunnel axis. Due to this limitation, when the axisymmetric model is used,
the stresses around the tunnel are underestimated when the principal stresses
are equal in all directions and overestimated when both coefficients of the
horizontal to the vertical stresses are equal to 0.5.
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Figure 7.11 Comparative graph of radial stresses at crown, for the
axisymmetric and the 3d models
(reference element 1 - figure 7.4)
Figure 7.12 Comparative graph of radial stresses at crown, for the
axisymmetric and the 3d models
(reference element 2 - figure 7.4)
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Chapter 8
Combination of axisymmetric and plane strain model
8.1 Introduction
The third simulation performed is a combination of an axisymmetric and a
plane strain model. The purpose of the analysis is to take into account both the
effect of the distance from the face at which the liner is placed and the effect of
consolidation on the liner.
The response of the ground mass and how it affects the design load
applied on the tunnel lining will be examined in both dry and wet conditions. A
comparison of the results from this analysis to the results of the three-
dimensional model can show if the two-dimensional analysis can give similar
results to the more complicated 3d models.
8.2 Description of the Analysis
The analysis is divided in two parts using two different models, an
axisymmetric and a plane strain model.
8.2.1 Axisymmetric Model
In the first part where an axisymmetric model is used, a full advance
excavation of an unlined tunnel is examined in both dry and wet conditions.
The difference to the previous analyses (chapters 6 and 7) is that the tunnel is
excavated over the entire length of 90m and no liner is installed, as shown at
Figure 8.1a. The initial stress field is simulated with the application of a stress,
equivalent to the initial stress field, at the excavation surface (figure 8.1).
Due to these initial stresses, immediately after the excavation of the
tunnel, initial displacements are released at the tunnel periphery.
The magnitude of the displacement varies with the distance from the face of the
excavation, to reach a maximum value far from the face. This variation of the
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radial convergence of the tunnel is examined for different ground properties, in
dry conditions and also in wet conditions, taking into account the consolidation
effect.
8.2.2 Plane Strain Model
In the second part, a plane strain model of the same tunnel is used. The
ground parameters and the tunnel geometry are the same as in the first part.
This model can be considered a cross section of the axissymetric model with
the liner already in place (Figure 8.1 b).
Unlined Circular
Tunnel
S44t 4/4/44
(a)
.1(
(b)
Excavation
Advance
Axis of
svmmetrv
Figure 8.1 2d models used in this analysis: axisymmetric model (a) and
plane Strain (b)
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8.2.3 Combination of Axisymmetric - Plane Strain Models
The whole analysis is based on the combination of the results from the two
analyses mentioned above, by using the tunnel periphery displacements from
the axisymmetric analysis as a decreasing factor of the initial stress field of the
plane strain model.
During the excavation of a tunnel the crown is displaced. This displacement
starts from a zero value, ahead of the face of the excavation (usually at a
distance 1-1.5D, where D is the tunnel diameter), and increases to a maximum
value at a distance where the ground mass has reached an equilibrium.
The displacement U, at the crown, and at a distance of 1 m behind the face
of the tunnel, will be calculated in this part, for both dry and wet conditions
(figure 8.2). If we refer to the axisymmetric model of chapter 6, this
displacement is equal to the displacement of the tunnel at 1m from the face,
that is released after the excavation and before the liner is installed.
When the excavation is performed in dry conditions, this displacement
depends on the properties of the ground material and usually reaches a
maximum value Umax at a distance 2-3D behind the tunnel face. For dry
conditions and at a distance of 1 m from the face, the displacement U1,dry is
measured.
In wet conditions the displacement also depends on the effect of
consolidation. The displacement at the same point will be less than that
measured for the dry case, unless the model is allowed to consolidate until the
pore pressures completely dissipate. Theoretically only after complete
dissipation of the pore pressures will the displacements in dry and wet
conditions will be the same. As will be mentioned in detail later in this chapter,
this displacement U1,wet will be measured after 1 day of consolidation. For the
permeabilities used in the analysis, displacement U1,wet will be less than U1,dry,
since consolidation of 1day is a quite short period.
In any case the displacement of the crown, at a distance of 1m from the
face, will be compared to the maximum displacement Umax. This is equal either
to the displacement far away from the face of excavation (dry case) or after the
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complete dissipation of pore pressures (wet case). Since Umax is the limiting
displacement for both cases, it will be used as reference value ever, if the
consolidation time is not enough for complete dissipation of the pore pressures.
Two ratios will be calculated: u-dr and u, wet
u max u max
These ratios give the percentage of the radial displacement that is released
behind the excavation face, and before the placement of the concrete lining.
The remaining (1- ulr) and (1- u" ), will be released after the lining is placed,
umax umax
in both cases of dry and wet conditions respectively.
These ratios are used in the second part of the analysis with the plane
strain model. In this case the tunnel is examined with the liner in place. With the
release of initial displacements, a percentage of the initial stresses was also
released. This will be considered in the plane strain model to reduce the initial
stresses that are going be applied on the lining.
Specifically the stress that is applied on the surface of the liner will be
multiplied by (1- u"l ) for the dry case, and by (1- uwet ) for the wet case.
u max u max
Crown displacement
curve along the tunnel
axis for wet conditions
Umax U1, dry 41
Crown displacement 1M
curve along the tunnel
axis for dry conditions
Figure 8.2 Variation of the displacements at the crown of the tunnel close
the face of excavation, for dry and wet conditions.
(Note: as mentioned in section 8.2.3, the maximum displacement in
wet conditions is equal to Umax only after complete dissipation of
pore pressures)
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The plane strain model shown in figure 8.3 will be analyzed in both dry
and wet conditions. In the case of saturated ground, the consolidation time is
1000 days. Thus, after the initial stresses are applied at the tunnel liner, the
ground will be allowed to consolidate for the chosen period of time. This will
allow the calculations of stress and displacement variation with time.
In both cases (dry and wet) the tangential stresses that act on the lining will
be calculated, giving the opportunity to examine the effect of the consolidation
on the behavior of the lining.
d=2r
Stress Applied
(1 -factor)*yh
Liner in place
Figure 8.3 Stress field around the tunnel applied on the liner
after a reduction of the initial stress field
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8.3 Ground Properties and Tunnel Geometry
The ground is assumed to be homogeneous and linear elastic. The
modulus of elasticity is constant throughout the groundmass. The ground
properties used in the analyses are the following:
Ground Properties
E=1 00000 - 150000 - 200000 KPa
v=0.3
Permeability:10-7 - 10-9 - 10- m/sec
y=20 KN/m 3
The tunnel geometry is the same in both models. The tunnel is circular with a
constant radius r=4.5m along the tunnel axis. In the axisymmetric model there is
no liner placed. It is taken into consideration in the second part of the analysis
with the plane strain model.
Tunnel Properties
Tunnel Depth: 100m
Tunnel radius: r=4.5m
Ec=25000000 KPa
vc=0.25
y=2 5 KN/m 3
Liner thickness: t=0.5m
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8.3.1 Effect of Consolidation
The analysis is again based on the combination of two models,
axisymmetric and plane strain. The results obtained from the first model are
used as an input for the second one.
The effect of consolidation is taken into account in both models. In the
axisymmetric model the consolidation time is 1 day. This time represents the
delay of the placement of the lining after the excavation. During that time the
tunnel is displaced. The rate at which the displacements are released, will
determine the reduction of the initial stress field of the plane strain model.
This rate depends on the permeability of the surrounding mass. A less
permeable ground will result to smaller initial displacements because of a
slower pore pressure dissipation.
In the plane strain model, the consolidation time is 1000 days. During this
time, the variation of stresses and displacements with time is examined around
the tunnel.
8.4 Numerical Simulation of the Excavation
8.4.1 Building the Model
Two different types of two-dimensional models were used in this simulation,
an axisymmetric and a plane strain model.
The types of elements used in each case are the following:
Axisymmetric: Reduced Integration Continuum axisymmetric
with 8 nodes CAXR8
Plane Strain: Reduced Integration Continuum Plane Strain
with 8 nodes CPE8R
The boundary conditions for both models are the same. Along their limits
the normal components of displacement are zero. In the case of the saturated
ground, drainage is allowed in all directions.
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90m
90m 90m
Figure 8.4 Axisymmetric model of an excavated unlined tunnel
AI
100m
4 - 50m
Figure 8.5 Plane strain model of an excavated tunnel with a liner in place
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8.4.2 Simulation Steps
Dry Conditions
a) Axisymmetric model
The first part includes the simulation of a fully excavated unlined tunnel.
This is the main difference between this model and the axisymmetric models
used in previous chapters, where a staged tunnel excavation was performed.
There is only one step performed during this simulation, which again is the
initialization of stresses. This is done by the application of a pressure at the
surface of the excavated area equal to the stress due to the overburden (figure
8.4). Since the same pressure is applied at the crown and the face of the
tunnel, the stress field initialized is uniform with Ko=1.
b) Plane Strain Model in dry conditions
The simulation of the plane strain model in dry conditions is also performed
in one step. The tunnel examined has the same properties as before except
that now a liner is already installed.
This step includes the initialization of the stress field, which is simulated by
the application of a pressure at the interface liner-ground. As mentioned in
section 8.2.3, this pressure is reduced by a factor, in order to take into account
the release of stresses before the liner is installed. This is the only input used
from the axisymmetric model. Any displacements that are generated in the
mass during the analysis of the first model are not considered in the plane
strain model.
Wet Conditions
a) Axisymmetric and plane strain model
In the case of wet conditions, the analysis is performed in two steps. In the
first step where the initial stress field is defined, the pore pressures are
initialized with no drainage allowed along the excavation surface. In the second
step the actual consolidation procedure is performed. At this point the
consolidation time is defined as mentioned in section 8.3.1.
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8.5 Analysis of Results
8.5.1 Displacement of the Crown along the Tunnel Axis
Part of the analysis is the calculation of the displacements along the tunnel
axis. The release of these displacements determines the reduction factor for the
initial stress field of the plane strain model. Figure 8.6 shows the displacements
at the crown of the tunnel in dry and wet conditions, along the tunnel axis.
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Convergence along tunnel axis for dry and saturated ground
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Figure 8.6
The following table shows the percentage of the maximum displacements
(defined in section 8.2.3) that are released at the crown of the tunnel, calculated
at three different distances 1m, 2m and 3m from the face. Both dry and
saturated conditions are examined. The tunnel depth is 100m and the modulus
of elasticity E=1 00000 KPa. The only variable is the permeability.
Permeability Distance from the face
(m/sec) 1m 2m 3m
Dry - 59% 71% 79%
10e-11 2% 2% 2%
Wet 1Oe-9 12% 16% 18%
1 Oe-7 53% 65% 73%
Table 8.1 Percentage of displacements released in an unlined tunnel
When the excavation is performed in saturated ground the percentage of
the displacements released is decreasing as the ground becomes less
permeable, due to the slower dissipation of the pore pressures.
8.5.2 Stresses in the Liner
In the second part of the analysis, the plane strain model is used for the
calculation of stresses at the tunnel liner. As discussed earlier in paragraph 8.2,
the results obtained from the first part of the analysis, are used to adjust the
initial stresses applied on the liner. At the time of the liner installation a
percentage of the initial stresses has been released, generating displacements
at the tunnel periphery.
The purpose of the analysis is to calculate the stresses in the liner intrados
and extrados in dry and wet conditions.
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Figure 8.7 depicts the reference points for the calculation of stresses.
Extrados
Node in the liner at the
interface ground liner
Intrados
- .Node in the liner at the
interior surface of the
tunnel liner
Figure 8.7 Reference points for the stress calculation
The stress variation at the two reference nodes is shown in the two graphs
of figure 8.8. The effect of consolidation is obvious in both graphs. In the case
of the excavation in dry ground, the tangential stress at the springline, is almost
6000 KPa, with insignificant change with the variation of modulus E. When the
tunnel is in saturated ground the stresses are increased. In the case of ground
with high permeability (k=10e-7 m/sec), the stresses are increased by almost
10%. With a decrease in permeability, the stresses in the liner increase
significantly. When k=1 Ge- 1 m/sec the stresses are increased by almost 100%.
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Variation of tangential stress in liner with modulus E and permeability K
(Intrados)
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Figure 8.8 Variation of tangential stresses at intrados and extrados of liner
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Variation of tangential stress in liner with modulus E and permeability K
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Chapter 9
Summary and Conclusions
9.1 Summary
In this thesis the finite element analysis method was used to simulate and
investigate the staged excavation of a circular lined tunnel. The main objective
was to analyze the ground-liner interaction incorporating the effect of
consolidation and the three-dimensional behavior near the face of the
excavation. An attempt was made also to represent this three-dimensional
effect with simpler two-dimensional models.
* A two-dimensional axisymmetric model was used for the simulation
of the staged excavation of a circular tunnel in dry and wet
conditions; the latter to investigate the effect of consolidation. An
analysis of displacements and stresses for both the liner and the
ground was performed.
. A three-dimensional analysis of the same staged tunnel excavation
was performed. The results obtained from this analysis were used to
show the importance of the initial stress field when a tunnel
excavation is simulated. At the same time, the limitations of the
axisymmetric model and its inability to simulate the initial stress field
around the tunnel were also examined.
. A simplified approach to simulate the three dimensional character of
a tunnel excavation was also attempted. The results obtained from
an axisymmetric model of an unlined tunnel were used as an input
for the plane strain model of the same tunnel with the liner installed.
The purpose of the analysis was to take into account both the effect
of the distance from the face at which the liner is placed and the
effect of consolidation on the liner.
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9.2 Conclusions
9.2.1 Effect of Consolidation
* Comparing the two cases where the tunnel is excavated in both dry and
wet conditions, it is observed that in the case of dry ground, most of the
displacements are released early in the excavation process (when the
excavation face had advanced 4-5m). With consolidation taken into
account, the displacements are released more slowly.
* An increase of the stresses both in the liner and the ground is observed
when the consolidation is taken into account. For both dry and wet
conditions, the stress applied on the lining increases with the advance of
the excavation face. In the case of dry ground and when the excavation
face is at a distance of 5m from the reference location, the stress acting
on the liner has reached almost 90% of its final value. With consolidation,
the stress on the lining increases throughout the considered excavation
sequence and reaches a maximum, which is 10-15% higher than the
stresses that develop when the ground is dry.
9.2.2 Effect of Initial Stress Field
" Comparing different initial stress fields (Kx=Ky=1 and Kx=Ky=0.5) with a
3d model, it was observed that the radial stress in the crown of the tunnel
is greater when the initial stress field is uniform (same principal stresses
in all three directions) compared to Kx=Ky=0.5.
" When the 3d model is compared to the axisymmetric model, and for
initial stress field of Kx=Ky=0.5, the radial stress in the ground calculated
with the 3d model is less than that obtained with the axisymmetric one.
The minimum value to which the initial stresses decrease, is almost 40%
lower with the 3d model than with the axisymmetric model. The opposite
occurs when the two models are examined with an initial stress field
where all three principal stresses are equal. In that case the stresses in
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the ground above the liner, in the crown, are much greater when a 3d
model is used.
* Hence when the axisymmetric model is used for the simulation of a
tunnel excavation, the stresses around the tunnel are underestimated
when the principal stresses are equal in all directions and overestimated
when both coefficients of the horizontal to the vertical stresses are equal
to 0.5.
9.2.3 Combination of 2d Models
* When the excavation of the tunnel is performed in wet ground, the
tangential stress in the liner and at the springline is increased compared
to that obtained with excavation in dry conditions. In the case of ground
with high permeability (K=10e-7 m/sec), the stresses are increased by
almost 10%. With a decrease in permeability, the stresses in the liner
increase significantly compared to those produced in a dry ground. When
K=1 Ce-1 1 m/sec the stresses are increased by almost 100%.
9.3 Further Recommendations
An in depth analysis was performed during the simulation of a staged tunnel
excavation in dry and wet conditions. Although the finite element approach was
proven to be adequate for the problem, many simplifying assumptions had to be
made.
One of the major assumptions is the isotropy of the ground. A more realistic
representation of the material model can be a very important topic of future
research. The plastic behavior of the ground around the tunnel can also be
introduced in both the 2d and the 3d models.
The displacements and the stresses that were obtained with the analyses of
both models were limited to circular tunnels with full face excavation. The
investigation of other tunnel cross sections and of a separate heading and
bench excavation can produce interesting results.
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C24 C23 C22 C21 C20 C19 C18 C17 C161 C15 C14
S12 S11 S10 S9 S8 S7 S6 S5 S4 S3 S2
----- -------------- ----------------------------------------
L -----
a) Unsupported tunnel length lu=1m
0 (day 0)
1 (dayv1l)
2 (day 2)
3 (day 3)
4 (day 4)
5 (day 5)
6 (day 6)
7 (day 7)
8 (day 8)
9 (day 9)
10 (dayl0)
11 (day 11)
for excavation in dry mass
Action
Activation and deactivation of concrete elements
Excavation of S12 and C24
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
of
of
of
of
of
of
of
of
of
of
S11, C23 and activation of concrete C24
S10, C22 and activation of concrete C23
S9, C21 and activation of concrete C22
S8, C20 and activation of concrete C21
S7, C19 and activation of concrete C20
S6, C18 and activation of concrete C19
S5, C17 and activation of concrete C18
S4, C16 and activation of concrete C17
S3, C15 and activation of concrete C14
S2, C14 and activation of concrete C15
Step Description
During
Step 0 (day 0)
Step 1 (day 1)
Step 2 (day 2)
Step 3 (day 3)
Step 4 (day 4)
Step 5 (day 5)
Step 6 (day 6)
for excavation in saturated mass
Action
Activation and deactivation of concrete elements
Excavation of S12 and C24 - initialization of pore pres.
Consolidation of first excavated part
Excavation of S11, C23 and activation of concrete C24
+ Consolidation of 1 day
Excavation of S10, C22 and activation of concrete C23
+ Consolidation of 1 day
Excavation of S9, C21 and activation of concrete C22
+ Consolidation of 1 day
Excavation of S8, C20 and activation of concrete C21
+ Consolidation of 1 day
Excavation of S7, C19 and activation of concrete C20
+ Consolidation of 1 day
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Step Description
During
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step 7 (day 7)
Step 8 (day 8)
Step 9 (day 9)
Step 10 (day 10)
Step 11 (day 11)
Excavation of S6, C18
+ Consolidation of 1
Excavation of S5, C17
+ Consolidation of 1
Excavation of S4, C16
+ Consolidation of 1
Excavation of S3, C15
+ Consolidation of 1
Excavation of S2, C14
+ Consolidation of 1
and
day
and
day
and
day
and
day
and
day
activation of concrete C19
activation of concrete C18
activation of concrete C17
activation of concrete C14
activation of concrete C15
b) Unsupported tunnel length lu=2m
0 (day 0)
1 (day 1)
2 (day 2)
3 (day 3)
4 (day 4)
5 (day 5)
6 (day 6)
7 (day 7)
8 (day 8)
9 (day 9)
10 (day 10)
for excavation in dry mass
Action
Activation and deactivation of concrete elements
Excavation of
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
Excavation
of
of
of
of
of
of
of
of
of
S12, S11, C24 and C23
S10, C22 and activation of concrete C24
S9, C21 and activation of concrete C23
S8, C20 and activation of concrete C22
S7, C19 and activation of concrete C21
S6, C18 and activation of concrete C20
S5, C17 and activation of concrete C19
S4, C16 and activation of concrete C18
S3, C15 and activation of concrete C17
S2, C14 and activation of concrete C16
Step Description for excavation in saturated mass
During Action
Step 0 (day 0) Activation and deactivation of concrete elements
Step 1 (day 1) Excavation of S12,S11,C24,C23-initialization of pore pres.
L Consolidation of first excavated part
120
Step Description
During
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step
Step 2 (day 2)
Step 3 (day 3)
Step 4 (day 4)
Step 5 (day 5)
Step 6 (day 6)
Step 7 (day 7)
Step 8 (day 8)
Step 9 (day 9)
Step 10 (day 10)
Excavation of S1 0, C22 and activation of concrete C24
+ Consolidation of 1 day
Excavation of S9, C21 and
+ Consolidation of 1 day
Excavation of S8, C20 and
+ Consolidation of 1 day
Excavation of S7, C19 and
+ Consolidation of 1 day
Excavation of S6, C18 and
+ Consolidation of 1 day
Excavation of S5, C17 and
+ Consolidation of 1 day
Excavation of S4, C16 and
+ Consolidation of 1 day
Excavation of S3, C15 and
+ Consolidation of 1 day
Excavation of S2, C14 and
+ Consolidation of 1 day
activation of concrete C23
activation of concrete C22
activation of concrete C21
activation of concrete C20
activation of concrete C19
activation of concrete C18
activation of concrete C17
activation of concrete C16
c) Unsupported tunnel length lu=3m
Step Description
During
Step
Step
Step
Step
Step
Step
Step
Step
0
1
2
3
4
5
6
7
(day
(day
(day
(day
(day
(day
(day
(day
0)
1)
2)
3)
4)
5)
6)
7)
for excavation in dry mass
Action
Activation and deactivation of concrete elements
Excavation of S12, S11, S10, C24, C23 and C22
Excavation of S9, C21 and activation of concrete
Excavation of S8, C20 and activation of concrete
Excavation of S7, C19 and activation of concrete
Excavation of S6, C18 and activation of concrete
Excavation of S5, C17 and activation of concrete
Excavation of S4, C16 and activation of concrete
121
C24
C23
C22
C21
C20
C19
Step 8 (day 8)
Step 9 (day 9)
Step Description
During
Step 0 (day 0)
Step 1 (day 1)
Step 2 (day 2)
Step 3 (day 3)
Step 4 (day 4)
Step 5 (day 5)
Step 6 (day 6)
Step 7 (day 7)
Step 8 (day 8)
Step 9 (day 9)
Excavation of S3, C15 and activation of concrete C18
Excavation of S2, C14 and activation of concrete C17
for excavation in saturated mass
Action
Activation and deactivation of concrete elements
Excav S1 2,S11,S1 0,C24,C23,C22-initialization of pore pres
Consolidation of first excavated part
Excavation of S9, C21
+ Consolidation of 1
Excavation of S8, C20
+ Consolidation of 1
Excavation of S7, C19
+ Consolidation of 1
Excavation of S6, C18
+ Consolidation of 1
Excavation of S5, C17
+ Consolidation of 1
Excavation of S4, C16
+ Consolidation of 1
Excavation of S3, C15
+ Consolidation of 1
and activation of concrete C24
day
and
day
and
day
and
day
and
day
and
day
and
day
activation of concrete C23
activation of concrete C22
activation of concrete C21
activation of concrete C20
activation of concrete C19
activation of concrete C18
Excavation of S2, C14 and activation of concrete C17
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APPENDIX III
z
x-
Reference point 1
for ground displacement
at the interface
2m 4m
Reference point 2
for liner displacement
Reference elements 2 and
3 for stress calculation
above the liner
3
2
t
Reference element 1
for stress calculation
on the liner
4m
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6m 8m 1Om
6m 8m 1om
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+1 02E-30
Figure 1. Displacement in the vertical direction at the end of excavation (dry conditions - lu=1 m)
Figure 2. Stress in the vertical direction at the end of excavation (dry conditions - l=1 m)
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Figure 3. Displacement in the vertical direction at the end of excavation (dry conditions - lI=2m)
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Figure 4. Stress in the vertical direction at the end of excavation (dry conditions - lu=2m)
Si1
Ma x
U1 VALUE Mir
-7- 78E-02
-7. 1E-02
-6 SSE-02
-5 9RE-02
-5 3SE-02
4- 79E-02
4 18E-02
-3. 53E-02
-2 9E-02
2 39E-02
-1 79E-02
1.19E-02
-.5.69E-03
+9. 33E-05
co
Figure 5. Displacement in the vertical direction at the end of excavation (dry conditions - lu=3m)
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Figure 6. Stress in the vertical direction at the end of excavation (dry conditions - l1=3m)
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Figure 7. Displacement in the vertical direction at the end of excavation
(wet conditions - Consolidation time=1 0 days - lu=1 m)
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Figure 8. Stress in the vertical direction at the end of excavation
(wet conditions - Consolidation time=1 0 days - l=1 m)
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Figure 9. Displacement in the vertical direction at the end of excavation
(wet conditions - Consolidation time=1 0 days - lu=2m)
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Figure 10. Stress in the vertical direction at the end of excavation
(wet conditions - Consolidation time=1 0 days - lI=2m)
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Figure 11. Displacement in the vertical direction at the end of excavation
(wet conditions - Consolidation time=1 0 days - lu=3m)
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Figure 12. Stress in the vertical direction at the end of excavation
(wet conditions - Consolidation time=1 0 days - lu=1 m)
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Figure 13. Variation of vertical displacement during the excavation
(dry conditions - lu=1 m, lI=2m, lI=3m - reference point 1)
Figure 14. Variation of
(dry conditions - l=1 m,
vertical stress during the excavation
l=2m, lI=3m - reference element 1)
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Figure 16. Variation of
(dry conditions - lu=1 m,
vertical stress during the excavation
lu=2m, lu=3m - reference element 3)
137
12.
-u=3m
-- -
2. 4. 6 .
End of Step
10. 12.
--
191 947 5
102 19 7
N
T
U
10. -
____Il=1m
15. -
XMAX 5E 4+05
YMIN -2-.0G8E-02
Y MA.X 1 . 68 E -1
1 2
IU=2m
- =3m
3 4 5 6 7 8 9 10 11 12
End of Step
Figure 17. Variation of vertical displacement during the excavation
(wet conditions - consolidation time=1 Odays, lu=1 m, lu=2m, lu=3m - ref. point1)
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Figure 18. Variation
(wet conditions - consolidation
of vertical stress during the excavation
time=1Odays, lu=1m, lu=2m, lu=3m - ref. elem 1)
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Iu=3m
I=1 M
Figure 19. Variation of vertical stress during the excavation
(wet conditions - consolidation time=1 Odays, lI=1 m, lI=2m, lI=3m - ref. elem. 2)
Figure 20. Variation
(wet conditions - consolidation
of vertical stress during the excavation
time=1Odays, lI=1m, lu=2m, lI=3m - ref. elem 3)
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21. Variation of vertical displacement during the excavation
wet - consol. time=1 Odays, 1=l m, lu=2m, lu=3m - ref. point. 1)
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Figure 22. Variation of vertical stress during the excavation
(dry and wet - consol. time=1 Odays, 1,=l m, le=2m, lu=3m - ref. elem. 1)
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23. Variation of vertical displacement during the excavation
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Figure 24. Variation of vertical displacement during the excavation
(dry and wet - consol. time=1 Odays, lu=1 m, lu=2m, lu=3m - ref. point. 3)
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Figure 25. Variation of pore pressures after excavation of one meter
(wet conditions - consolidation time=1 day - lu=1 m)
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Figure 26. Variation of pore pressures after excavation of two meters
(wet conditions - consolidation time=2 days - le=1m)
Figure 27. Variation of pore pressures after excavation of three meters
(wet conditions - consolidation time=3 days - l=1 m)
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Figure 28. Variation of pore pressures after excavation of four meters
(wet conditions - consolidation time=4 days - lu=1 m)
Figure 29. Variation of pore pressures after excavation of five meters
(wet conditions - consolidation time=5 days - l=1 m)
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Figure 30. Variation of pore pressures after excavation of six meters
(wet conditions - consolidation time=6 days - l=1 m)
Figure 31. Variation of pore pressures after excavation of seven meters
(wet conditions - consolidation time=7 days - l=1 m)
145
Figure 32. Variation of pore pressures after excavation of eight meters
(wet conditions - consolidation time=8 days - l=1 m)
Figure 33. Variation of pore pressures after excavation of nine meters
(wet conditions - consolidation time=9 days - lI=1 m)
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Figure 34. Variation of pore pressures after excavation of ten meters
(wet conditions - consolidation time=1 0 days - l=1 m)
Figure 35. Variation of pore pressures after excavation of eleven meters
(wet conditions - consolidation time=1 1 days - lu=1 m)
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Figure 36. Variation of pore pressures after excavation of two meters
(wet conditions - consolidation time=1 day - lI=2m)
-- - E
- 9 F5-02J
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Figure 37. Variation of pore pressures after excavation of three meters
(wet conditions - consolidation time=2 days - lu=2m)
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-4. G9E+02
-2 73E+02
- 1.36'02
-T 23E-12
- T, 31E-39
Figure 38. Variation of pore pressures after excavation of four meters
(wet conditions - consolidation time=3 days - lI=2m)
SO 1~. 7,'
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Figure 39. Variation of pore pressures after excavation of five meters
(wet conditions - consolidation time=4 days - lu=2m)
149
- - IN N I'1
- 1 5&E-.9.3
- -1 Z1E+0-I S A
-9 S E..
-1 R3E+12
- 4 -E '-
--- 3E+02
-8 16E+02
T 7 3E - 12
-SI9EJ
Figure 40. Variation of pore pressures after excavation of six meters
(wet conditions - consolidation time=5 days - lu=2m)
Figure 41.
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Variation of pore pressures after excavation of seven meters
(wet conditions - consolidation time=6 days - lI=2m)
Figure 42. Variation of pore pressures after excavation of eight meters
(wet conditions - consolidation time=7 days - lI=2m)
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Figure 43. Variation of pore pressures after excavation of nine meters
(wet conditions - consolidation time=8 days - lu=2m)
Wh Lo U :-
9 S5E -C2
-8 IE-f2
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-7 T3E-*2
-1. 53E-39R
Figure 44. Variation of pore pressures after excavation of ten meters
(wet conditions - consolidation time=9 days - lI=2m)
-5 45fE+03
-4 9+02
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Variation of pore pressures after excavation of eleven meters
(wet conditions - consolidation time=10 days - le=2m)
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Figure 45.
Figure 46. Variation of pore pressures after excavation of three meters
(wet conditions - consolidation time=1 day - lu=3m)
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Figure 47. Variation of pore pressures after excavation of four meters
(wet conditions - consolidation time=2 days - lI=3m)
Figure 48. Variation of pore pressures after excavation of five meters
(wet conditions - consolidation time=3 days - lu=3m)
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Figure 49. Variation of pore pressures after excavation of six meters
(wet conditions - consolidation time=4 days - l=3m)
Figure 50. Variation of pore pressures after excavation of seven meters
(wet conditions - consolidation time=5 days - lu=3m)
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Figure 51. Variation of pore pressures after excavation of eight meters
(wet conditions - consolidation time=6 days - le=3m)
Figure 52. Variation of pore pressures after excavation of nine meters
(wet conditions - consolidation time=7 days - l,=3m)
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Figure 53. Variation of pore pressures after excavation of ten meters
(wet conditions - consolidation time=8 days - lI=3m)
Figure 54. Variation of pore pressures after excavation of eleven meters
(wet conditions - consolidation time=9 days - lu=3m)
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APPENDIX IVa
Maximum value 2.5833 1041
U3 -A 2 Minimum value 1214
-2 OOE-02
-1 64E-02
-1. 27E-02
-9. 09E-03
--5 45E-03
- 1. 82E-03
+1. 82E-03
+5 45E-03
+9. 09E-03
+1. 27E-02
1. 64E--02
.2 OOE-02
+,2. 58E-02-
Figure 1. Displacement in the vertical direction at section 1-2
(Kx=Ky=1 - dry conditions - lu=1m - excavation=1m)
Maximum value - 2 .583 - 1041
u3 VALUE Minimum value 1214
-2 0OE-02
2 OOE-02
-1. 64E-02
-1. 27E-02
-9. 09E-03 -
-S. 45E-03
-1. 82E-03
.1 82E-03
+5 45E-03
+9 09E-03
+1. 27E-02
- 1. 64E-02-
+2 OOE-02
+2. 8E- 02
Figure 2. Displacement in the vertical direction at section 2-3
(Kx=Ky=1 - dry conditions - l1=1 m - excavation=2m)
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03 VALUE
-2 61 . 02
-2 00E-02
-1. 64E-02
-1, 27E-02
-9. 09E-03
-5. 45E-0 3
-1. 82E-03
+1. 82E-03
.5. 45E-03
+9. 09E-03
+1. 27E--02
+1. 64E-02
+2. 00E-02
+2 61E-02
Maximum value =
Minimum valueIM
1773
1946
3
1
Figure 3. Displacement in the vertical direction at section 3-4
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=3m)
Maximum value 2.67 - 2505
v3 VALUE Minimum value 2678
-2. 07E-02
2. OOE-02
-1. 64E-02
-1 27E-02
-9. 09E-03
-5 4SE-03
-1. 82E-03
+1. 82E- 03
+5 4SE-03
+9. 09E-03
+1, 27E-02
- I1 64E-02
-2. 00E-02
+2, 67E-02
Figure 4. Displacement in the vertical direction at section 4-5
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=4m)
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Maximum value 
3231
value
Minimnum valueVAL2E
00E-02
64E-02
27E-02
09E-03
45E-03
82E-03
82E-03
45E-03
09E-03
27E-02
64E-02
00E-02
75E-02
2_ 1
Figure 5. Displacement in the vertical direction at section 5-6
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=5m)
Maximum value - 2.A1 - 3969
U3 VALUE Minimum value 4142
-2. 81E-02
-2 OOE-02
-1. 64E-02
-1. 27E-02
-9. 09E-03
-5. 45E-03
-1. 82E-03
+1. 82E-03
+. 45E-03
+9. 09E-03
+1 27E-02
+1. 64E-02
+2. OOE-02
+2. 81E-02
Figure 6. Displacement in the vertical direction at section 6-7
(Kx=Ky=1 - dry conditions - lI=1 m - excavation=6m)
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U3
-2
-1
.9
.2
.2
323 7
3410
U3 VALUE
-2 87E-02
2, OOE 02
- 1 64E-02
-1. 27E-02
-9 09E-03
-5. 45E-03
-1 82E-03
+1. 82E-03
+5- 45E-03
+9. 09E-03
+1. 27E-02
+1- 64E-02
+2. 0OE-02
+2. 87E-02
Maximum value =
Minimum valueow
4701
4874
3
1
Figure 7. Displacement in the vertical direction at section 7-8
(Kx=Ky=1 - dry conditions - le=1 m - excavation=7m)
Maximum value = 2.91 0 - 5433
U3 VALUE Minimum value 5606
-2. 90E-02
-1. 64E-02
-1 27E-02
-9. 09E-03
-5. 45E-03
-1. 82E-03
- - +1. O2E-03
,I 9 2E-03
+5. 45E-03
+9. 09E-03
.1 27E-02
-xwa 1. 64E-02
-+2. 00E-02
+2. 91E-02
Figure 8. Displacement in the vertical direction at section 8-9
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=8m)
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U3 VALUE
-2. OE-02
- 6 4E-02
-1. 27E-02
-9. 09E-03
-5. 45E- 03
-1. 82E-03
+1 82E-03
+5. 45E-03
+9. 09E-03
+1. 27E-02
+1. 64E-02
+2 00E-02
+2. 95E-02
Maximum value =
Minimum values
6165
6338
3
_1
Figure 9. Displacement in the vertical direction at section 9-10
(Kx=Ky=1 - dry conditions - l1=1 m - excavation=9m)
Maximum value = 2.980 6897
Us VALUE Minimum value 7070
-2. 00E-02
-1. 64E-02
-- 1 27E-02
-9. 09E-03
5. 45E-03
-1 82E-03
+1, 82E-03
+5 45E-03
+9. 09E-03
+1. 27E-02
-1. 64E-02
+2 CUE-02
+2 98E-02
Figure 10. Displacement in the vertical direction at section 10-11
(Kx=Ky=1 - dry conditions - l=1m - excavation=1Om)
163
Displacement in the vertical direction at section 11-12
(Kx=Ky=1 - dry conditions - lI=1m - excavation=1 1m)
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Maximum value = 3. 0106 7629
U3 VALUE Minimum value 7802
-3. OIE-02
-2. OOE-02
-1 64E-02
1. 27E-02
-9 09E-03
-5 45E-03
-1. 82E-03
+1. 82E-03
+5. 45E-03
+9. 09E-03
+1. 27E-02
1. 64E-02
+2. OE-02
+3. 01E-02
3
21
Figure 11.
Maximum value = 5.206 10
U1 VALUE2 Minimum value 209
-2. 7E-02
-1. 85E-02
-1. 71E-02
- 1 S6E-02
-1 42E-02
-1 27E-02
-1 13E-02
-9. 82E-03
-8. 36E-03
-6. 91E-03
-5. 45E-03
-4. OOE-03
- . 21E-04
3
Figure 12. Displacement in the horizontal direction at section 1-2
(Kx=Ky=1 - dry conditions - l=1 m - excavation=1 m)
Maximum value = 5 556
U1 VALUE M in imum va l ue 1118
2. 79E-02
-2 00E-02
-1. 85E-02
-1. 71E-02
-1. 56E-02
-- -1. 42E-02
-1 27E-02
-1. 13E-02
-9. 82E-03
-8. 36E-03
-6. 91E-03
-5 45E-03
-4. OOE-03
+5. 05E-04
3
1
Figure 13. Displacement in the horizontal direction at section 2-3
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=2m)
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U1 VALUE
-2. 81E-02
-2. OOE-02
1. 85E-02
-1 71E-02
-1 56E-02
-1. 42E-02
-1. 27E-02
-- 1. 13E-02
-9. 82E-03
8. 36E-03
-6 . 91E--03
-5. 45E-03
-4. 00E-03
+4. 61E-04
Maximum value =
Minimum value=n
1405
1850
3
Figure 14. Displacement in the horizontal direction at section 3-4
(Kx=Ky=1 - dry conditions - l=1 m - excavation=3m)
Maximum value = 3 . 19 -P W 2138
U1 VALUE Minimum value 25822. 87E-02
-2 OOE-02
-1, 85E-02
- 1 71E-02
-1. 56E-02
-1. 42E-02
-1. 27E-02
1. 13E-02
-9 82E-03
-8. 36E-03
-6. 91E-0 3
-5. 45E- 03
-4 ODE-03
+3 92E-04
3
n3d1 STEP 1 N EMENT41
TKIrs STEP A . i T TAL
I-' DATE ::I T 12-MAY- UU 0 TI
Figure 15. Displacement in the horizontal direction at section 4-5
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=4m)
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Figure 16. Displacement in the horizontal direction at section 5-6
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=5m)
Figure 17. Displacement in the horizontal direction at section 6-7
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=6m)
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U1 VALUE
-2. 00E-02
-1 85E-02
-1. 71E-02
- 1. 56E-02
-1. 42E-02
-1. 27E-02
-1. 13E-02
-9 82E-03
-8. 36E-03
-6, 91E-03
-5. 45E-03
4. OE-03
+7. 13E-05
Maximum value
Minimum value
4334
4778
3
2 __ 1
Figure 18. Displacement in the horizontal direction at section 7-8
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=7m)
Maximum value = 2.21' - 5583
U1 VALUE Minimum value 5510
-3. 08E-02
-2. CUE-02
-1. O5E-02
-1. 71E-02
-1 S6E-02
-1. 42E-02
-1.27E-02
-- 1. 13E-02
-9. 82E-03
-8.36E-03
-6. 91E-03
r~ 5. 45E--03
4. 00E-03
+2 21E-33
1 T RP I 7 T CRENT 
T H IS .zST ED P I 0, DO TTA L
- 7- 7 DA-T E : 12-MAY--2OOO1 T I
Figure 19. Displacement in the horizontal direction at section 8-9
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=8m)
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Figure 20. Displacement in the horizontal direction at section 9-10
(Kx=Ky=1 - dry conditions - l,=1 m - excavation=9m)
Figure 21. Displacement in the horizontal direction at section 10-11
(Kx=Ky=1 - dry conditions - l=1m - excavation=1Om)
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Maximum value 2 .20 3 - 6315
U1 VALUE2 M in imum value 42
-2. 00E-02
-1. 85E-02
-1. 71E-02
-1. 56E-02
-1. 42E-02
-1. 27E-02
-1 13E-02
9. 82E-03
8. 36E-03
-. 4SE-03
-4. 00E-03
+2, 21E-33
SM
117
n d T EPr- 1 7 1N,-REMENIT I
TUI T :+ TT-TEP 1 . 1- A TO T AL.
7 -~ DAT -,,E : 2-MIAY 0 00 T I
Figure 22. Displacement in the horizontal direction at section 11-12
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=1 1 m)
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Maximum value = 2.04 - 7233
Ui VALUE Minimum value 7706
-2. OE-02
-1 BSE-02
-1. 71E-02
S-1 56E-02
-1. 42E-02
-1 27E-02
-1. 13E-02
-9. 82E-03
-8. 36E-03
-6. 91E-03
-5. 45E-03
-4, OOE-03
+2. 04E-33
3
1~l SE NPMN
Figure 23. Stresses in the vertical direction at section 1-2
(Kx=Ky=1 - dry conditions - lI=1m - excavation=1 m)
Maximum value
Minimum value
Stresses in the vertical direction at section 2-3
(Kx=Ky=1 - dry conditions - l1=1 m - excavation=2m)
s33
-2
-2
-2
2
-2
1
-1
-1
-1
654E-03
30E+03
23E+03
1SE+03
ORE+03
OIE+03
94E+03
86E+03
79E+03
72E+03
6SE+03
57E+03
5OE+03
16E.03
1040
1118
3
1
Figure 24.
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Maximum value
Minimum value
1772
18506ALUE61E+03
30E.03
2 3E-03
ISE+03
08E+03
01E+03
94E+03
86E+03
79E+03
72E+03
65E+03
57E+03
5OE+03
20E+03
3
2_1
Figure 25. Stresses in the vertical direction at section 3-4
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=3m)
Maximum value =2504
533 VALUE Minimum value 25822. 5GE.03
-2 30E+03
-2. 23E+03
-2. 15E03
-2 08E+03
-2. 01E+03
-1 94E+03
-1. 86E+03
1 79E+03
1 72E+03
1. 65E.03
-1.57E+03
-1. 50E+03
-1. 20E+03
1
Figure 26. Stresses in the vertical direction at section 4-5
(Kx=Ky=1 - dry conditions - lI=1 m - excavation=4m)
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s33
.
-- 2
-- 2
-2
-2
-- 2
-2
-1
-- 1
-1
-- 1
-- 1
-1
- 1
- -1
Maximum value =
Minimum value =
Stresses in the vertical direction at section 5-6
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=5m)
Maximum value - 3968
S33 VALUE Minimum value 4046
-2. 30E+03
-2. 23E+03
-- 15E+03
-2 08E. 03
-2. 01E03
-1. 94E.03
-1 86E-03
-1. 79E+03
-1. 72E.03
1. 65E.03
1. 50E.03
-1 19E.03
? | 1
Figure 28. Stresses in the vertical direction at section 6-7
(Kx=Ky=1 - dry conditions - l1=1 m - excavation=6m)
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s33
.. .
-2
-2
-2
-2
-2
-2
-1
-1.
-1
-1
-1
56E. 03
30E+03
23E+03
1SE+03
08E+03
01E+03
94E+03
86E+03
79E+03
72E+03
65E+03
57E+03
50E+03
19E+03
3236
3314
3
. _1
Figure 27.
Figure 29. Stresses in the vertical direction at section 7-8
(Kx=Ky=1 - dry conditions - 1=1 m - excavation=7m)
Figure 30. Stresses in the vertical direction at section 8-9
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=8m)
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Maximum value =
Minimum value =
6164
6242
SSE-.0 3
30E+03
23E-03
1SE+03
08E-03
1E+03
94E+03
86E+03
79E+03
72E+03
65E+03
S7E+03
50E.03
18E+03
3
2_ 1
Figure 31. Stresses in the vertical direction at section 9-10
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=9m)
Max imum Value 6896
S33 VALUE Minimum value 6974
-2, 54E-03
-2. 30E-03
-2 23E.03
-2 .15E-03
-- 2 . 0 E+0 3
-2 01E.03
-1. 94E-03
1 86E+03 *
-1 79E+03
-1. 72E+03
-1 57E-03
-1. 50E+03
-1 .17E+03
21
Figure 32. Stresses in the vertical direction at section 10-11
(Kx=Ky=1 - dry conditions - lI=1m - excavation=10m)
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S33
-2
-- 2
-2
-2
-2
-2
-1
-1
*-1
-- 1
Max imum value 7628
S33 VALUE Minimum value 7706b
2 54F.03
-- 2. 30E+O3 .
-2. 23E+03
-2. 15EO3
-2. 08E+03
-2.01IE+03
-1. 94E+O3
-1. 86E+03
-1. 79E+03
-1 72E+03
-1, 65E+013
-1. 57E+03
-1. SOE-.03
-1. 16E+03
-k K
3E
Figure 33. Stresses in the vertical direction at section 11-12
(Kx=Ky=1 - dry conditions - lu=1m - excavation=1 1 m)
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Maximum value =
Minimum value -
209
378EAL+UE3S 3E.03
20E-03
15E+03
11E+0 3
06EO3
02E+03
97E+03
93E-03
88E+03
84E+03
79E+03
7SE-03
70E+03
01E+03
3
Figure 34. Stresses in the horizontal direction at section 1-2
(Kx=Ky=1 - dry conditions - l1=1 m - excavation=1 m)
Maximum value = 109 1118
s11 VALUE Minimum value 1215
-2. 66E-03
-2 20E+03
-2. 15E+03
-2. 11E+03
-2. 06E+03
-2. 02E+03
-1. 97E+03
-1. 93E+03
-1. 68E+03
-1. 04E+03
-1. 79E03
-- 1. 75E+03
-1. 70E+03
-1. 09E+03
Figure 35. Stresses in the horizontal direction at section 2-3
(Kx=Ky=1 - dry conditions - lI=1 m - excavation=2m)
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si 1
-2.
-2.
-2.
-2.
-2.
-1.
-1.
-1.
Maximum value =
Minimum value
1126. at node
Figure 36. Stresses in the horizontal direction at section 3-4
(Kx=Ky=1 - dry conditions - lI=1 m - excavation=3m)
Maximum value
Minimum value
Figure 37. Stresses in the horizontal direction at section 4-5
(Kx=Ky=1 - dry conditions - l1=1 m - excavation=4m)
-- 2
-- 2
-2
-2
-2
--2
- 1
-1
-1
-1
-1
VALUE362E+03
20E+03
1SE. 03
11E+03
06E+03
02E.03
97E+03
93E+03
88E+03
84E+03
79E+03
7SE+03
70E+03
13E+03
1850
1947
? 3
1
siil
-2
-2,
-2
-2.
-1
-1
--1.
-1
60E.03
20E+03
15E+03
11E+03
06E+03
02E+03
97E+03
93E+03
88E+03
84E+03
79E+03
7SE+ 0 3
70E+03
13E+03
2582
2679
:3
1
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Maximum value =
Minimum value =-iR
1127. at node
Stresses in the horizontal direction at section 5-6
(Kx=Ky=1 - dry conditions - 1e=1 m - excavation=5m)
Maximum value
Minimum value
Stresses in the horizontal direction at section 6-7
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=6m)
SI-i
- -2.5 E-03
-2. 20E+03
-2. 1SE+0 3
-2, 11E+03
-2. 06E+03
-2. 02E+03
-1. 97E+03
-1 93E.03
-1. 88E+03
- 1. 84E+03
-1. 79E+03
-1. 75E+03
-1, 70E+03
- -1 13E.03
3314
3411
3
21
Figure 38.
511
-2
-2
-2
-2.
-2
-1
-1
-1.
VALUE3
5 7E.03
20E+03
15E-03
11E+03
06E-03
02E-03
97E.03
93E+03
OGE+03
04E+03
79E- 03
75E. 03
70E-03
13E-03
4046
4143
3
Figure 39.
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Maximum value =
Minimum value =
3
1
Figure 40. Stresses in the horizontal direction at section 7-8
(Kx=Ky=1 - dry conditions - lj=1 m - excavation=7m)
Manim-um vaLue
Figure 41. Stresses in the horizontal direction at section 8-9
(Kx=Ky=1 - dry conditions - lu=1 m - excavation=8m)
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Sil VALUE
S7E-03
20E+03
15E+03
1IE+03
OE+03
02E+03
97E+03
93E,03
88E+03
84E+03
79E+03
75E+03
70E+03
12E+03
-2
-2.
-2.
-2.
-2.
-1.
-1
-1.
-1.
4778
4875
0 "E..1
15L-03
88E..D
11E+3
12E+-3
DOE+ i3
92E+ .3
-2
-2.
-2
551 C
I
Maximum value -
Minimum value -
Stresses in the horizontal
(Kx=Ky=1 - dry conditions - lI=1 r
direction at section 9-10
n - excavation=9m)
Maximum value
Minimum value
Stresses in the horizontal direction at section 10-11
(Kx=Ky=1 - dry conditions - le=1m - excavation=1Om)
s11l
-- 2
-- 2.
- 2.
S-2
S -2.
-2.
- 1.
-1.
-1
-1.
-1.
-1
-1.
-- 1.
56E+U03
20E+03
1SE+03
11E+03
06E+03
02E+03
97E+03
93E+03
88E+03
84E+03
79E+03
75E+03
70E+03
12E+03
6242
6 3 39
:3
1
Figure 42.
-- 2
-- 2
-2
-2
-2
-1
-1.
5 GE.03
20E+ 03
15E+0 3
11E. 03
06E+03
02E+03
97E+03
93E+03
88E+ 03
84E+03
79E+03
75E.03
70E+03
12E+03
6974
7071
3
21
Figure 43.
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Max imum value =
Minimum value =a
Stresses in the horizontal direction at section 11-12
(Kx=Ky=1 - dry conditions - lI=1 m - excavation=1 1 m)
S11'
-2.
-2,
-2.
-1.
-1.
1.
1.
1.
-1.
VALU0E3SSE. 03
20E+03
1SE+03
11E+03
06E+03
02E+03
97E+03
93E.03
88E+03
84E+03
79E+03
7SE+03
70E+03
11E+03
7706
7803
3
1
Figure 44.
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BT8 9
C-94
XMI N - -4E+C00
XMAX 1.70'E +C-1.
YM it -2.846E-02
Y mA x-.898E-10
0.;
-3. -
A
C
E
E
T
-20.
-
2 4
Node c
-4
-. .
10.
TO)TAL TIM-E
Node b
Figure 45. Variation of vertical displacement during the excavation
(Kx=Ky=1 - dry conditions - l1=1 m - nodes b,c)
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Variation of horizontal displacement during the excavation
(Kx=Ky=1 - dry conditions - l=1 m - node d,e)
Figure 47. Variation of vertical stress during the excavation
(Kx=Ky=1 - dry conditions - l1=1 m - elements 1,2)
Figure 48. Variation of horizontal
(Kx=Ky=1 - dry conditions -
stress during the excavation
lu=1 m - elements 3,4)
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Figure 1. Displacement in the vertical direction at section 1-2
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=1 m)
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Figure 2.
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Displacement in the vertical direction at section 2-3
y=0.5 - dry conditions - lu=1 m - excavation=2m)
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Figure 3. Displacement in the vertical direction at section 3-4
(Kx=Ky=0.5 - dry conditions - l=1 m - excavation=3m)
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Figure 4. Displacement in the vertical direction at section 4-5
(Kx=Ky=0.5 - dry conditions - lI=1 m - excavation=4m)
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Figure 5. Displacement in the vertical direction at section 5-6
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=5m)
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Figure 6. Displacement in the vertical direction at section 6-7
(Kx=Ky=0.5 - dry conditions - l1=1 m - excavation=6m)
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Figure 7. Displacement in the vertical direction at section 7-8
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=7m)
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Figure 8. Displacement in the vertical direction at section 8-9
(Kx=Ky=0.5 - dry conditions - l=1 m - excavation=8m)
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Figure 9. Displacement in the vertical direction at section 9-10
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=9m)
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Figure 11. Displacement in the vertical direction at section 11-12
Figure 11. Displacement in the vertical direction at section 11 -12
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=1 1 m)
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Displacement in the horizontal direction at section 1-2
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Figure 14. Displacement in the horizontal direction at section 3-4
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=3m)
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Figure 15. Displacement in the horizontal direction at section 4-5
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=4m)
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Figure 16. Displacement in the horizontal direction at section 5-6
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=5m)
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Displacement in the horizontal direction at section 8-9
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=8m)
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Figure 21.
195
Maximum value
Minimum vallm
Figure 22. Displacement in the horizontal direction at section 11-12
Figure 22. Displacement in the horizontal direction at section 11-12
(Kx=Ky=0.5 - dry conditions - l1=1 m - excavation=1 1 m)
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Figure 24. Stresses in the vertical direction at section 2-3
(Kx=Ky=0.5 - dry conditions - lI=1 m - excavation=2m)
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S33
-2
-2
-2
-2
-1
1
VALUE3
20E-0 3
14E+03
07E+03
01E+03
95E+03
88E+03
82E-03
75E+03
69E-03
63E-03
56E-03
50E+03
22E.03
2504
2582
-3
2 1
Figure 26.
198
S33
Maximum value =
Minimum value =
S
1
Figure 27. Stresses in the vertical direction at section 5-6
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=5m)
Max imum value
Minimum value
1
Figure 28. Stresses in the vertical direction at section 6-7
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=6m)
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Figure 29. Stresses in the vertical direction at section 7-8
(Kx=Ky=0.5 - dry conditions - l=1 m - excavation=7m)
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Figure 30. Stresses in the vertical direction at section 8-9
(Kx=Ky=0.5 - dry conditions - l1=1 m - excavation=8m)
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Figure 32.
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Figure 33. Stresses in the vertical direction at section 11-12
(Kx=Ky=0.5 - dry conditions - l1=1 m - excavation=1 1 m)
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Figure 39. Stresses in the horizontal direction at section 6-7
(Kx=Ky=0.5 - dry conditions - Ie=1 m - excavation=6m)
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Figure 40. Stresses in the horizontal direction at section 7-8
(Kx=Ky=0.5 - dry conditions - l=1 m - excavation=7m)
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Figure 41. Stresses in the horizontal direction at section 8-9
(Kx=Ky=0.5 - dry conditions- le=1 m- excavation=8m)
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Figure 44. Stresses in the horizontal direction at section 11-12
(Kx=Ky=0.5 - dry conditions - lu=1 m - excavation=1 1 m)
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Figure 45. Variation
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Figure 47. Variation of vertical stress during the excavation
(Kx=Ky=0.5 - dry conditions - lu=1 m - elements 1,2)
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Figure 48. Variation of horizontal stress during the excavation
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Figure 1. Variation of vertical displacement during the excavation
(Kx=Ky=0.5 - Kx=Ky=1 - dry conditions - le=1m - nodes b)
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Figure 2. Variation of horizontal displacement during the excavation
(Kx=Ky=0.5 - Kx=Ky=1 - dry conditions - lu=1 m - node c)
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Figure 3. Variation of vertical stress during the excavation
(Kx=Ky=0.5 - Kx=Ky=1 - dry conditions - lu=1m - node d)
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Node d - Kx=Ky=1
Node d - Kx=Ky=0.5
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Figure 4. Variation of horizontal stress during the excavation
(Kx=Ky=0.5 - Kx=Ky=1 - dry conditions - lI=1m - node e)
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Figure 5. Variation of vertical displacement during the excavation
(Kx=Ky=0.5 - Kx=Ky=1 - dry conditions - lu=1 m - element 1)
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Figure 6. Variation of horizontal displacement during the excavation
(Kx=Ky=0.5 - Kx=Ky=1 - dry conditions - lu=1 m - element 2)
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Figure 7. Variation of vertical stress during the excavation
(Kx=Ky=0.5 - Kx=Ky=1 - dry conditions - lu=1 m - elements 3)
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Figure 8. Variation of horizontal stress during the excavation
Figure 8. Variation of horizontal stress during the excavation
(Kx=Ky=0.5 - Kx=Ky=1 - dry conditions - lu=1 m - elements 4)
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Figure 9. Variation of tangential stress in the liner
(Kx=Ky=0.5 - dry conditions)
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Variation of stress in the liner along its axis
(Kx=Ky=0.5 - dry conditions)
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Figure 10.
Variation of vertical horizontal during the excavation
(Kx=Ky=0.5 - dry conditions)
Variation of vertical displacement during the excavation
(Kx=Ky=0.5 - dry conditions)
216
14 4E -D 3~ rc d
rJE - U
4,5E - 0
-1 G4E - U2
I SE 3
Figure 11.
Figure 12.
Figure 13. Deformed shape of the liner
(Kx=Ky=0.5 - dry conditions)
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